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CHAPTER 1.  THE EVOLUTION OF OUR UNDERSTANDING OF THE HYDROCARBON 
BIOSYNTHETIC PATHWAY 
 
Abstract 
Hydrocarbons such as linear alkanes and alkenes are found in a few discreet locations in 
the biosphere, including the cuticle of insects and plants and in intracellular lipid bodies of 
certain algae and photosynthetic microorganism.  In the past decade our understanding the 
biosynthetic pathways which yield hydrocarbons has become more extensive. There appear to 
be two preferred pathways for hydrocarbon synthesis: head-to-head condensation pathway 
and an elongation-reduction-pathway.  This review breaks down the historical development of 
how evidence for different of hydrocarbon biosynthesis mechanisms has developed and how 
this has been influenced by studies of different organisms that are capable of producing 
hydrocarbons.  
Introduction 
In a culture and society that depends so heavily on energy from fossil carbon sources, 
having an adequate fuel supply is crucial. According to the U.S. Energy Information 
Administration (EIA), it’s been projected that the world’s crude oil supply can adequately meet 
demands for the next 25 year(1).   Alternative fuel sources are needed to provide leverage 
against limited supplies as well as help reduce greenhouse gas emissions(2).  Developing 
biofuels that are chemically identical to gasoline and diesel fuels would be most ideal, and this 
mission has thereby directing my research attention to hydrocarbons.  Hydrocarbons can be 
found in nature, in diverse phylogenetic clades, for diverse purposes.  The aerial surfaces of 
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plants are covered with a waxy coating called cuticle that plays a vital role in plant protection by 
preventing water loss and acts as the front line of defense against pathogen ingress(3). Insects 
also rely on a cuticle for waterproofing, but hydrocarbons are also used as sex pheromones(4).  
Certain algae are known to synthesize large amounts of hydrocarbons when they are in nutrient 
deprived situation (specifically nitrogen deprived).  Botryococcus braunii is a freshwater 
microalgae, which has been well studies due to its high hydrocarbon accumulation; depending 
on the strain hydrocarbons can account for as much as 75% dry weight of the biomass (5).  It’s 
been hypothesized that certain microbes (e.g., Micrococcus and Shewanella) synthesize 
hydrocarbons as an adaptation for growing in colder temperatures(6). 
The precursors for generating hydrocarbons are fatty acids; therefore we will quickly 
describe their biosynthesis. Firstly, de novo fatty acid synthesis is the result of the iteration of 
four successive reactions in the Fatty Acid Synthesis (FAS) complex.  A 2-carbon moiety, from 
malonyl-acyl carrier protein (ACP) condenses with acetyl-ACP via a reaction catalyzed by a 
ketoacyl-ACP synthase (KAS), resulting in the production of acetoacetyl-ACP and the loss of CO2. 
The reduction, dehydration, and a second reduction reactions are catalyzed by ketoacyl-ACP 
reductase (KR), hydroxyacyl-ACP dehydrase (DH), and enoyl-ACP reductase (ER)(3, 7, 8).  The 
resulting butyryl-ACP can reenter the cycle to get further elongated with two additional 
carbons, until a desired chain length has been reached, up to 16 or 18 carbons. The extension of 
C16 and C18 fatty acids to become VLCFAs occurs in the Endoplasmic Reticulum (ER); and is 
catalyzed by the Fatty Acid Elongation (FAE) complex (Figure 1).  This elongation mechanism is 
chemically identical to the FAS reactions; with the exception that CoenzymeA (CoA) is used as 
the carrier protein, rather than ACP (3, 9).  The four ezymes that catalyze these reactions are: 
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ketoacyl-CoA synthetase (KCS), ketoacyl-CoA reductase (KCR), hydroxyacyl-CoA dehydrase 
(HCD), and enoyl-CoA reductase (ECR). 
 
There are four proposed pathways for the conversion of fatty acids to hydrocarbons 
(Figure 2). The first three proposed pathways yield odd chain hydrocarbons, one carbon less 
than the precursor fatty acid chain length, whereas the fourth pathway yields even chain 
hydrocarbons, the same number of carbon atoms as the precursor fatty acid chain length.  
The first proposed pathway is a head-to-head decarboxylative-condensation of two fatty 
acids that generates a ketone, which is subsequently reduced, dehydrated and further reduced 
(Fig2, Mechanism 1).  In the second proposed pathway, a precursor fatty acid is first elongated 
and then undergoes decarboxylation (Fig2, Mechanism 2). In the third proposed pathway, the 
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elongated precursor fatty acid is first reduced to an aldehyde, which undergoes 
decarbonylation (Fig2, Mechanism 3), releasing CO (3A), releasing formate (HCO2-) (3B), or CO2 
(3C). For the final proposed mechanism, the elongated precursor fatty acid is first reduced to an 
aldehyde, which is reduced again to yield a primary alcohol, which is then dehydrated and 
reduced to yield an even chain hydrocarbon (Fig2, Mechanism 4).  This review will focus, in 
greater detail on these proposed pathways and the supporting evidence for each mechanism.  
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Hydrocarbon Deposition on the Plant Cuticle 
Specifically, in plants the de novo synthesis of fatty acids of up to 18-carbon chain length 
occurs within the plastids.  The subsequent elongation of these fatty acids to VLCFAs and 
conversion to alkanes and derivatives occur on the ER of epidermal cells, and these molecules 
are unidirectionally transported to the plant surface to assemble the plant cuticle.  This lipid 
transport remains elusive, and we will briefly describe the proposed mechanism for lipid 
transport to the surface, for more details refer to a prior review on the topic (9). The transport 
of cuticular lipid components to the surface can be divided into two export events:  a) 
intracellular trafficking from the ER to the plasma membrane (PM) and b) from the PM to the 
extracellular matrix. The intracellular trafficking from the ER to the PM remains unclear; there 
have been four hypothesized mechanism: a) use of soluble acyl carrier proteins; b) the 
accumulation within an oleosine-like vesicle that would bud off from the ER; c) use of secretary 
vesicles via the golgi; and d) physical contact between the ER and PM (9). Currently, there is no 
experimental support data for any of these hypotheses.  
In recent years we have gained some knowledge on how these lipids are exported from 
the PM to the extracellular matrix. The CER5 gene was identified as coding half of an ATP 
binding cassette (ABC) transporter that would need to dimerize to form a fully functional. CER5 
was the first ABC transporter identified to be involved in cuticular lipid transport, and was 
renamed ABCG12 in accordance with ABC transporter nomenclature (9, 10).  A second ABC 
transporter component, ABCG11 was identified as having a similar expression pattern as CER5. 
Bimolecular Fluorescence Complementation (BiFC) experiments demonstrated ABCG11 can 
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homodimerize or heterodimerize with CER5/ABCG12, whereas CER5/ABCG12 could only 
dimerize with itself(11). 
Lipid Transport Proteins (LTPs) are also proposed to be involved in cuticular lipid 
trafficking.  This supposition is based on the observations that a) several LTPs bind a wide 
variety of acyl lipids; b) they show high expression in aerial tissues; and c) their expression is up-
regulated in stress conditions that are associated with increase cuticle lipid deposition(12).  
LTPG1 was the first LTP to be identified and characterized to be involved in transporting C29 
alkanes to the surface (13).  However, ABC transporters and LTPG1 are only responsible for 
transporting a small portion of the lipid components, and additional work is needed to better 
understand how these novel lipids are transported.  
The remainder of this review will focus on each of the mechanism and the species that use 
them. 
I. Head to Head Condensation: Mechanism 1 
In 1929, a head to head condensation mechanism for the production of alkanes was first 
proposed based on the investigations of paraffin extracts from cabbage leaves (14) .   The major 
paraffin constituents were identified as C29 alkane and C29 ketone (C14H29COC14H29). Due to 
the symmetric location of the carbonyl carbon in the ketone, it was proposed that two C15 
acids condense followed by a decarboxylation reaction (14).  However, the insignificant level of 
C15 acid in plants was problematic in the acceptance of this mechanism. Furthermore, 
numerous radiolabelling studies carried out by Kolattukudy’s group in the 1960’s, failed to 
reveal supportive evidence for this mechanism in plants.  For example, attempts to support the 
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head to head condensation mechanism, explored the possibility that a C16 fatty acid 
underwent α-oxidation to produce the required C15 acid precursor.  If this mechanism was 
operating, the expectation would be that label from C15 would be incorporate into the 
hydrocarbon as fast, if not faster than label from C16 fatty acid.  However, the finding was that 
labeled palmitic (C16) acid was incorporated more rapidly into C29 alkane than its C15 acid 
counterpart(15).  Moreover, it would be expected that the label from a C16 acid that is labeled 
only at the carbonyl carbon, would not be incorporated into the C29 alkane; however the 
experimental result was opposite to this expectation, and radioactive C29 alkane was detected. 
Use of inhibitors also did not support this model; imidazole, an inhibitor of α-oxidation, was 
applied to leaf disc along with radiolabeled acetate, yet it failed to inhibit incorporation of label 
into C29 hydrocarbon (15), ruling out the possibility α-oxidation.  However, there was the 
possibility that β-oxidation would produce acetate from labeled C16 fatty acids, and that could 
then be rebuild into the hydrocarbon.  This possibility was ruled out by using C16 fatty acid, 
labelled with tritium at the 9,10 positions; the fact that this 3H was not lost, indicated that the 
intact C16 molecule was incorporated into the C29 hydrocarbon (15).  Kolattukudy finally 
concluded that this head-to-head condensation mechanism was not operating in plants, and he 
proposed that the fatty acids are first elongated, and then decarboxylated to produce the C29 
alkane(15); this will be discussed further in the following section.   
The head-to-head condensation mechanism appears to be utilized by bacteria.  Sarcina 
(now known as Micrococcus) lutea was identified to synthesize monounsaturated hydrocarbons 
(alkenes), as well as the expected ketones and secondary alcohols intermediates of the head-
to-head condensation mechanism (16).   It wasn’t until 2010 when a four gene cluster (oleABCD 
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) was identified to be  responsible for alkene biosynthesis in non-photosynthetic microbes 
including Micrococcus luteus and Shewanella oneidensis (6, 17, 18).  The alkenes synthesized by 
this head to head condensation mechanism yield a carbon-carbon double bond at the 
condensing point.  Based on sequence homology, the OleA protein belongs to the thiolase 
superfamily, which includes known condensing enzymes such as FabH (β-ketoacyl-ACP synthase 
III) from E. coli.   When oleA was expressed in a strain deleted of oleABCD, only the 
corresponding ketones were produced, suggesting that oleA is responsible for condensing the 
two fatty acid substrates (17). From there observations, Sukovick et al. proposed a mechanism 
illustrated in Figure 3.  
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OleA catalyzes a nondecarboxylative condensation between two fatty acyl chains.  The resulting 
β-ketoacyl intermediate can undergo two possible reactions depending upon the presence or 
absence of the other ole genes. In the presence of OleBCD hydrocarbons are produced. In the 
absence of the OleBCD genes, the β-ketoacyl intermediate undergoes thioester hydrolysis and 
either spontaneously or enzymatically it is decarboxylated to its respective ketone (6). It should 
be noted, the individual reactions catalyzed by OleBCD proteins are as yet undetermined.    
 
II. Elongation-Reduction: Mechanism 2 
 
IIA: Elongation-Decarboxylation in Algae 
The race A strain of B. braunii has been characterized to produce odd number 
alkadienes and trienes ranging in chain lengths from 25-31 carbon atoms (5).  The mechanism 
for synthesizing these alkenes is elusive; experimental support for both an elongation-
decarboxylation and elongation-decarbonylation mechanisms has been reported. Here we will 
focus on the decarboxylation mechanism; the decarbonylation mechanisms will be address 
below.  
Support for the elongation-decarboxylation mechanism in B. braunii started to be 
presented in 1984 by Templier et al., when they were trying to distinguish between the head-
to-head condensation and elongation-decarboxylation mechanisms. Oleic acid (C18:1) was 
proposed to be the direct precursor of the alkadienes based on the following observations: a) 
radiolabeled oleic acid was incorporated more efficiently to the final hydrocarbon products as 
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compared to palmitic (C16) and stearic acids (C18); b) the internal double bond within the 
major hydrocarbon product occurred at the same position (relative to one end of the 
hydrocarbon) and had the same stereochemistry as the double bond within oleic acid; c) time-
course evaluations of the cultures demonstrated the expected precursor-product relationship 
between oleic acid and hydrocarbons synthesis (i.e., decreasing oleic acid with increasing 
concentrations of hydrocarbons); and d) oleic acid accumulated in the outer cell walls, the same 
cellular location where hydrocarbons are known to be stored (19).   
Two possibilities were proposed for the mechanism to convert oleic acid to 
hydrocarbons (Fig4): a) the head to head condensation mechanism (already reviewed above) 
where oleic acid is either the donor or acceptor substrate in the condensation reaction; or b) an 
elongation-decarboxylation mechanism. These proposed mechanisms were tested by feeding 
with double labeled oleic acid, which was fully incorporated into the final hydrocarbon.  This 
finding ruled out the possibility that oleic acid acted as a donor in the head to head 
condensation mechanism.  Interestingly, the hydrocarbon product contained a unique terminal 
double bond. Acquiring this double bond via the head to head condensation mechanism would 
require that the donor oleic acid substrate would have to already possess this terminal double 
bond.  Because there is no evidence for such a precursor, the most likely explanation is that the 
terminal double bond was acquired during the decarboxylation of the fatty acid (Figure 4A) 
(19).   
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IIB:  P450 Decarboxylation 
Recently, terminal olefins (1-alkene) have been characterized in a group of bacteria, 
Jeotgalicoccus spp. In vitro feeding experiments led to the identification and isolation of a fatty 
acid decarboxylase gene (OleT), which was determined to encode a cytochrome P450(20).   
Based on sequence similarities, OleT was classified in the CYP152 family of P450s.  Other known 
family members of this type of P450 catalyze the hydroxylation of fatty acids in the β- and/or α-
position and use hydrogen peroxide as its sole electron and oxygen donor (20).  In vitro assays 
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confirmed that the Jeotgalicoccus spp OleT could synthesize α- and β-hydroxy acids, albeit in 
minor quantities, compared to its olefin production, and required hydrogen peroxide for 
activity.  The proposed mechanism for fatty acid decarboxylation by OleT can be seen in Figure 
5.  First the iron center is oxidized by the hydrogen peroxide which then attacks the fatty acid, 
giving rise to a carbon radical intermediate.  A proton can be removed, forming water and a 
carbocation that can readily decarboxylates resulting in a terminal olefin. This was the first 
reporting of a cytochrome P450 performing a decarboxylation reaction.  
 
 
 III. Elongation-Reduction: Mechanism 3 
This section will focus on higher plant systems that first supported the elongation-
decarboxylation mechanism (Fig 2:2), but subsequently evolved to the elongation-reduction-
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decarbonylation mechanism (Fig 2:4), describing the experimental support for each mechanism 
obtained from different plant species. 
 
IIIA: Elongation-Decarboxylation vs. Elongation-Reduction- Decarbonylation Mechanisms 
The distinction between decarboxylation (Fig 2:2) and decarbonylation (Fig 2:4) 
mechanism is very challenging without the characterization of the intermediates.  As previously 
summarized, numerous studies by Kolattukudy failed to support the head to head condensation 
mechanism in plants. Kolattukudy therefore proposed an elongation-decarboxylation 
mechanism (Fig2:2) based on studies of Brassica oleracea and Pisum sativum. In B. oleracea, 
fatty acids of various chain lengths (C10-C18) could be utilized as precursors for cuticle lipid 
biosynthesis (15). In young pea leaves, several thiols were found to inhibit alkane biosynthesis, 
which was associated with the accumulation of elongated chains of wax esters and aldehydes.  
Specifically, when dithioerythritol was applied the accumulation of C32 aldehyde increased, 
with a concomitant decrease in C31 alkane (21).  Similar thiol effects were noted with P. 
sativum mutant (wsp), and gl4 mutant of B. oleracea; suggesting that decarboxylation was 
occurring at or near the final step of alkane biosynthesis(21).    
Cell free preparations from leaves and excised epidermal tissues from P. sativum 
showed decarboxylation activity on C32 fatty acid in the presence of O2 and ascorbic acid (22).  
However, C31 alkane (the direct product of the decarboxylation) was not the only alkane 
produce, but also C30 alkane. The presence of an alkane with two carbons less than the parent 
acid suggestion α-oxidation may be involved (22, 23).  Using differential centrifugation, the 
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microsomal fraction from pea was determined to contain the enzymes responsible for alkane 
biosynthesis.   A time course experiment monitoring the products produced from C18 fatty acid 
in the presence of pea’s microsomal fraction, showed accumulation of C18 α-hydroxy acids and 
C17 aldehydes intermediates(23).  These results lead to the proposal that the in vitro 
conversion of fatty acids to alkanes with 2 carbons less than its parent acid because the O2 
(previously reported to be required) was needed to generate the aldehyde via an α-oxidation 
mechanism prior to its decarbonylation.  Therefore, the first carbon is lost during the α-
oxidation of the fatty acid to yield the aldehyde (one carbon less than the fatty acid), and the 
second carbon was lost during the decarbonylation of the aldehyde, to generate an alkane that 
is 2-carbons shorter than the fatty acid precursor(23). However, in vivo the aldehyde is first 
generated by a reduction reaction catalyzed by an acyl-CoA reductase, which then undergoes 
decarbonylated, resulting in the loss of only a single carbon atom(23).  This in vivo mechanism 
would be consistent with the fact that biological hydrocarbons have an odd number of carbons 
(i.e. only loss one carbons form parent acid). This was the first time that the decarbonylation of 
an aldehyde could yield an alkane (Fig2:3A) was proposed.   
IIIB: Elongation-Reduction-Decarbonylation in Pea: Mechanism 3A 
The search for isolating the aldehyde decarbonylase (AD) initially used the algae 
Botyrococcus brauni and Pisum sativum (pea).  First, pea microsomal fractions were assayed for 
the synthesis of alkanes incubated with radiolabeled octadecanal monitoring the appearance of 
labeled heptadecane, and assuming the loss of CO (24-26). CO was confirmed as the byproduct 
of the reaction by the use of a Rhodium complex trap, which had high binding affinity for CO, 
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but not CO2 (24).  Later this activity was purified from the microsomal fraction and a 68kDa 
protein was identified in the fraction retaining AD activity (26). Characterization of this purified 
fraction with metal chelators that inhibited the AD activity identified the potential role of 
metals.  Further characterizations illustrated that addition of excess copper, cobalt and zinc 
could reconstitute the chelator-inhibited AD activity (26).  Currently, the gene encoding such an 
aldehyde decarbonylase from pea, remains unidentified. 
IIIC: Elongation-Reduction-Decarbonylation in Algae: Mechanism 3A 
Upon the partial purification of the aldehyde decarbonylases from P. sativum (pea), 
Kolattukudy’s group tried his method on Botyrococcus braunii.  Beginning with the microsomal 
fraction, two potential proteins bands (66 and 55kDa) were observed to purify with AD activity.  
Because these proteins appear to occurred at equal-molar ratio, it was suggested that the AD 
enzyme had an αnβn tertiary organization (25).  Absorbance spectroscopic characterization of 
the purified preparation was suggestive of a porphyrin moiety.  Electron microprobe analysis 
suggested the presence of cobalt (25), confirming evidence was obtained by growing B.braunii 
in the presence of  57CoCl; purification of AD activity from such cells led to the co-purification of 
57Co labelled protein preparations (25).   
Additional evidence for the involvement of an aldehyde intermediate in the conversion 
of fatty acids to alkanes was provided by the attempts to purify the fatty acyl reductase 
synthesizing the aldehyde.  Purification from the microsomal fraction lead to the identification 
of a single protein of 35kDa.  The amino acid sequence of the N-terminal 26-residues were 
identified, and these showed similarity to a previously isolated fatty acid reductase from 
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bacteria(27).  Current BLAST results show, high sequence identity with bacterial malate 
dehydrogenases.   A definitive gene encoding either the fatty acyl-CoA reductase or the 
aldehyde decarbonylase from B.braunii has yet to be determined.  
IIID: Elongation-Reduction-Decarbonylation in Arabidopsis: Mechanism 3A 
Based on genetic characterizations, several Arabidopsis mutants were identified to have 
distinct effects on the amount and composition of the cuticle surface lipid.  These mutants were 
initially identified by a bright green stem phenotype; these mutants were named ECERIFERUM 
(CER), meaning not wax bearing.  Currently 27 cer loci have been identified (28-30) and some 
cases, the underlying gene that was mutated has been isolated and characterized; these are 
briefly summarized in Table 1. In this thesis I will focus on CER3 and CER1.   
CER3 is proposed to be a fatty acyl reductase that generates aldehydes.  Evidence for 
this hypothesis was initially provided by the chemical analysis of the cuticular lipids on stems 
and leaves of cer3 mutants, which showed reduced levels of aldehydes, alkanes, primary 
alcohols, and esters (31).  CER1 is hypothesized to be an aldehyde decarbonylase, due to 
decreased amount of alkanes and concomitant increase in the aldehydes of the cuticle lipids  in 
the mutant stems (32). Overexpression lines of CER1 showed increased accumulation of odd-
chain alkanes (from C27-C33), confirming its role in alkane biosynthesis (33). In addition, cer1 
and cer3 mutants express reduced male fertility, associated with the inability to produce viable 
pollen in a low humidity environment (28, 31, 32).  This trait can be overcome by growing plants 
in high humidity conditions. 
17 
 
 
Both CER1 and CER3 proteins possess many similar characteristics including localization 
to the ER(34), and secondary structural features.  Based on topological predictions, the N-
terminal portion of CER1 and CER3 proteins contain several (4-6) transmembrane spanning 
domains.  This region contains a conserved domain that is common to the fatty acid 
hydroxylases superfamily. A well characterized example from this superfamily are desaturases, 
which are known to be iron containing enzymes requiring NAD(P)H and oxygen(35). Integral 
membrane desaturases, specifically, are characterized by having 8 highly conserved histidine 
residues believed to be essential for catalytic function(36). The C-terminus is predicted to be a 
globular domain on the cytosolic side of the membrane, containing a functionally 
uncharacterized WAX2 C-terminal domain, present in other plant species including rice, 
medicago, and grape(37). 
Table 1: Arabidopsis ECERIFERUM (CER) genes 
Gene Function Grouping based on 
Koornneef et al 1989 
CER1 Putative aldehyde decarbonylase (32)      1 
CER2 BAHD acyl transferase, Putative Fatty Acid 
Elongase(29, 38) 
2 
CER3 Putative acyl-CoA reductase(31) 1 
CER4 Fatty Acyl Reductase(39) 2 
CER5/ABCG12 ABC Transporter(10) 2 
CER6 Ketoacyl-CoA Synthase, homologus to KCS6, 
produces C24-C28(40) 
1 
CER7 3’-5’ exoribonuclease (40)      2 
CER8 Long Chain Acyl-CoA Synthase I (LACS1)(40) 3 
CER9 PutativeE3-ubiquitin ligase(40) 2 
CER10 Enoyl-CoA Reductase(40) 1 
CER11 
CER12 
CER13 
CER14 
CER15 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
4 
4 
4 
4 
4 
18 
 
 
CER16 
CER17 
CER18 
CER19 
CER20 
CER21 
CER22 
CER23 
CER24 
CER25 
CER26 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
Allelic to CER3(41) 
Allelic to CER1(42) 
Unknown(30) 
Unknown(30) 
Unknown 
Putative Elongase, homologous to CER2 and 
CER26-LIKE1(29) 
4 
4 
4 
4 
4 
CER60 Ketoacyl-CoA Synthase, homologous to KCS5, 
produces 20:1, 26-30 (43) 
 
   
Characterization on Kornneef el al. groupings: Group1: High degree of glossiness, reduced 
fertility at low humidity, and reduced height. Group2: high degree of glossiness and normal 
fertility. Group3: moderate glossiness and reduced fertility at low humidity. Group4: moderate 
glossiness and normal fertility 
 
CER1 has been expressed in a yeast strain that has been bioengineered to synthesize 
VLCFAs, up to C30 (44) This C30 fatty acid producing yeast strain carries a mutated fatty acid 
elongase allele (SUR4, F262K/266L) (44). No novel products could be detected when CER1 was 
expressed in this strain (33). It was hypothesized therefore that CER1 has an interacting partner 
for producing alkanes. A yeast-two-hybrid assay was conducted to identify this potential 
partner, where the prey library was generated using RNA isolated from the epidermis peeled 
from Arabidopsis stems. Candidates were further narrowed by subcellular localization to either 
the ER or cytosol, and interactions were confirmed via a split-luciferase assay in Arabidopsis 
seedling.  Four cytochrome B5 (CytB5) genes, as well as CER3 were identified to interact with 
CER1 (45).  
Table 1 (Continued) 
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When CER1 is co-expressed with CER3 in the sur4Δ yeast stain, nanoacosane (C29) was 
identified. Additionally, when CYTB5 was added to the CER1/CER3 co-expressing strain, a 2 fold 
increase in C29 alkane production was detected.  It is hypothesized therefore that the cytB5 
acts as an electron transfer component to a CER1/CER3 complex (33).  Figure 6 shows the 
proposed CER1/CER3 alkane synthesizing complex proposed by Bernard et al 2012. 
 
 The conserved His-rich motifs in CER1 and CER3 were mutated to investigate their 
potential involvement in alkane synthesis. When such CER1 His mutants were co-expressed 
with Cer3 and CytB5 in the above mentioned yeast system, no alkanes were detected. To 
20 
 
 
further confirm, that these His-mutants affected the catalytic activity of the enzyme, they were 
overexpressed in Arabidopsis cer1 plants. The cer1-His mutations were unable to restore the 
accumulation of extracellular epicuticular lipids, whereas the expression of the wild-type CER1 
sequence could fully complement the mutation (45).  Similar cer3-His mutants showed no 
obvious effects.  The work done by Bernard et al has provided the most detailed understanding 
of alkane biosynthesis in plants; however it is unclear whether this mechanism is applicable to 
other plant species.  
 
IIIE: Elongation-Reduction-Decarbonylation in Maize: Mechanism 3A 
When examining maize (Zea mays) for hydrocarbon biosynthesis, we will divide our 
attention into two different tissues, based on the epicuticular composition: juvenile leaves and 
silks. The first 5-6 leaves of a maize seedling is referred to as juvenile leaves, and they their 
cuticular lipids comprise of primary alcohols (63%), aldehydes (20%), esters (16%), and alkanes 
(1%) (46).  Cuticular lipids on silks, on the other hand are almost entirely comprised of 
hydrocarbons (90%); a mixture of alkanes, alkenes and dienes (47).  
More than 30 glossy (gl) mutant loci have been identified that alter the surface lipid 
composition of maize seedlings(48).  The main characteristic of a glossy mutant is water 
beading on the young leaves, whereas on wild type plants the water easily runs off the leaf (49). 
Only 8 glossy genes have been molecularly cloned(48), they are briefly described in Table2. The 
GLOSSY1 (GL1) gene showed a reduction in percentage of aldehydes and alcohols but an 
increase in esters on the juvenile leaves(50).  Esters being composed of both an alcohol and 
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fatty acid moiety, the gl1 mutation differentially affected these two components; whereas in 
the wild-type esters the alcohol moiety was solely of C32, in the gl1 mutant this moiety ranged 
between 18 and 32 carbons, with the C20,C24, and C26 alcohols accounting for the majority 
(50).  The carbon chain length of the fatty acid moiety (of the ester) in gl1 was never greater 
than C24, with C22 accumulating rather than C24 seen in wildtype. The chain length of the free 
alcohols and aldehydes in gl1 were consistent with wild-type, accumulating predominately C32.  
From these observations Bianchi et al., proposed that maize has more than one pathway for 
synthesizing its epicuticular surface lipids: a) the elongation-decarboxylation I (ED-I) pathway 
that is responsible for synthesizing all wax components expect for esters, which is expressed 
only in the first 5-6 juvenile leaves; b) the  elongation-decarboxylation II (ED-II) pathway 
synthesizes esters, and it is active during the entire life-span of the plant(46). Based on this 
model, GL1 was considered to be part of the ED-I pathway, which is the reason that the glossy1 
mutant causes the reduction of aldehydes and alcohols. Moreover, this model explained the 
reason that the gl1 mutation shortened the esterified alcohols (50).   
After GLOSSY1 was molecularly cloned, several similarities were noticed between it and 
CER1 and CER3 from Arabidopsis.  These included: a) several transmembrane spanning domains 
in the N-terminal region; b) the occurrence of the tripartite His-rich motifs, and c) a soluble C-
terminal globular region containing the uncharacterized WAX2 domain(51).  The GL1 protein 
shares 35% sequence identity with CER1 and a 62% identity with CER3; the latter suggests that 
GL1 could be an ortholog of CER3. This thesis will focus on understanding the high sequence 
relationship between GL1 and CER1 and CER3, while they appear to be involved in different 
aspects of cuticular lipid production.  
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Table 2: Putative Function of Maize Glossy Genes 
Gene Function   
Glossy1 
Glossy2 
 
Glossy3 
Glossy4 
Glossy8 
Glossy13 
Glossy15 
Glossy26 
Putative Elongase (48, 49, 51) 
Putative Transferase and member of BADH family(48, 52, 53), Putative fatty 
acid elongase C30-C32(54) 
Cell autonomous(48), Putative myb transcription factor(55) 
KCS of VLCFA(48) 
Β-ketoacyl reductase(56) 
Putative ABC Transporter(48) 
APETALA2-like transcription factor(57) 
Enoyl-CoA Reductase(58) 
  
    
More than 30 glossy genes from Maize have been identified, but only 8 have been cloned for 
characterization. 
 
In contrast to seedling leaves, the surface lipids on maize silks are comprised largely of 
hydrocarbons (90%).  Consistent with their role in environmental protection, the silks that have 
emerged from the husk, and are therefore exposed to the environment, possess higher 
hydrocarbon content than the silks remaining within the husk (47). These silk hydrocarbons are 
a mixture of alkanes, alkenes and dienes.  As outlined above, saturated alkanes are believed to 
be synthesized via an elongation-decarbonylation mechanism (fig2:3A)(47), however the 
biosynthesis of unsaturated hydrocarbons is unclear. Based on gas chromatography-mass 
spectrometry (GC-MS) profiling data that characterized the potential intermediates of silk 
hydrocarbons, it’s been proposed that unsaturated fatty acids are tracked through two 
different pathways of desaturation-elongation-reduction and decarbonylation or elongation-
desaturase-reduction and decarbonylation (47).  Both pathways go through aldehyde 
intermediates, but the former generates alkene containing a double bond at the 6th or 9th 
position, or the dienes that contain double bonds at the 6th and 9th or 9th and 12th positions, but 
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the latter pathway generates alkenes with a double bond at the 4th position.  To date, there 
have not been any genes identified as being involved in hydrocarbon synthesis in maize. 
IIIF: Aldehyde-Deformylating Oxygenase: Mechanism 3B 
Genome scanning of 9 different strains of cyanobacteria, lead to the identification two 
genes from Synechococcus elongates PCC7942, which are believed to be involved in alkane 
biosynthesis (PCC7942_orlf1593 and 1594).   When orlf1594 is singly expressed in E. coli, 
extracts contained fatty aldehydes and fatty alcohols were identified; when both orlf1593 and 
1594 were co-expressed, extracts contained odd chain alkanes and alkenes, indicating that 
orlf1593 is an aldehyde decarbonylase (59).  Orthologs of these genes were also identified and 
characterized in fifteen other cyanobacterial strains (59).  The structure of cAD from 
Prochlorococcus marinus MIT9313 revealed that the enzyme is a member of a non-heme diiron 
oxygenase family (60).  It was assumed that these cADs were releasing CO as a co-product of 
alkane biosynthesis, as was observed by Kolattukudy with partially pure systems isolated from 
pea and algae.   To confirm this, a myoglobin/UV-absorption assay was used, however the CO 
release from the reaction was extremely low, therefore other possible products were 
considered (61).  Using isotope labelling it was determined that formate was the co-product of 
alkane synthesis and the hydrogen from the aldehyde is retained in the formate (61).  Further 
characterizations revealed that these enzymes required O2 for activity, therefore these 
enzymes are renamed aldehyde-deformylating oxygenase (ADO)(62). 
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IIIG: P450 Oxidative-Decarbonylase: Mechanism 3C 
Insects also synthesize hydrocarbons as an outer waterproofing layer, as well as for sex 
pheromones (4). To determine how insects were producing these hydrocarbons the microsomal 
fraction from Musca domestic (house fly) were incubated with a fatty acyl-CoA in the presence 
and absence of NADPH and O2.  When NADPH was included the aldehyde intermediate and 
hydrocarbon product (one carbon shorter) were observed. When O2 was added to the 
incubation aldehyde and hydrocarbon production increased; suggesting both NADPH and O2 
are needed, and that a P450-dependent enzyme was involved (63).  When the reaction was 
monitored with CO and CO2 traps, CO2 was found to be release as the co-product.  Searching 
through insect genomes for possible cytochrome P450 candidate enzymes, the subfamily 
CYP4G stood out as containing an ortholog in all insect genomes. CYPG41 from Drosophila 
melanogaster was identified, showing localization to oenocytes (site of hydrocarbon synthesis). 
When expression of CYP4G1 was knocked down (via RNAi), nearly all hydrocarbons were 
abolished (64).  In vitro assays showed CYP4G1 could convert aldehydes to its corresponding 
hydrocarbon.  It was concluded that CYP4G1 is a P450 aldehyde oxidative decarbonylase (4, 64).  
This is the second report of a P450 involved in hydrocarbon synthesis, but with a slight 
mechanistic variation. 
IV: Reduction-Dehydration: Mechanism 4 
The final proposed pathway (Fig2, Mechanism 4) the elongated precursor fatty acid is 
first reduced to an aldehyde, which is reduced again to yield a primary alcohol.  This is then 
dehydrated to a terminal alkene, which is reduced to yield an even chain hydrocarbon. Initial 
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support for this mechanism came from Vibrio furnissii M1, which reported the synthesis of C16 
alkane when C16 fatty acid was provided to the membrane fraction as a precursor(65).  Using 
radiolabeled C16 fatty acid, both alcohol and aldehyde intermediates containing radiolabel 
isotopes were identified.  After V. furnissii’s genome was annotated, it was searched in hopes of 
identifying genes involved in alkane biosynthesis, however none were identified(66).  Repeat 
alkane exactions done by Park et al. lead to the discovery that the alkanes previously identified 
were the result of contaminated media, solvents and glassware(66).  New extraction protocols 
were tested, however the only alkanes detected were the internal standards spiked in the 
extract. After testing various media and growth conditions if was determined that V. furnissii 
lack the ability to synthesize alkanes (66), and therefore support for alkane synthesis via 1-
alcohol intermediate has diminished.  
Concluding Remarks 
Our quest to understand how hydrocarbons are biosynthesized has spanned nearly a 
century.  However a clear understanding has not yet been reached.  It has become apparent 
that there is no easy/simple answer.  Several genes have been characterized supporting the 
head-to-head condensation mechanism utilized by some bacteria, including Shewnella and 
Micrococcus.  However, the elongation-reduction pathway is utilized by different species in 
different mechanisms. Among the bacteria, Cyanobacteria use an aldehyde deformylating 
oxygenase, requiring O2 to produce alkanes and formate; whereas, the bacterial species 
Jeotgalicoccus possesses a cytochrome P450 fatty acid decarboxylase, which requires H2O2 to 
catalyze the formation of double bond at the terminal position.  Insects also have a P450-
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dependent mechanism requiring different cofactors.  Finally, plants, including pea, maize silks 
and Arabidopsis, appear to favor a decarbonylation mechanism; however gene conformation is 
still needed.  Additional work is needed to fully characterize already identified genes as well as 
to continue searching for these unknown.  
Dissertation Organization 
This thesis presents efforts to improve the understanding of cuticular lipid biosynthesis 
in plants, specifically Zea mays. The first chapter is a literature review of how cuticular lipids, 
particularly alkanes are synthesized in nature. This chapter walks through each of the proposed 
mechanism and the evidence which supports their occurrence in different organisms.  
The second chapter explores extracellular epicuticular synthesis from Zea mays. 
Arabidopsis wax deficient mutant, cer1-2, was used to investigate the roles of ZmGlossy1 and 5 
uncharacterized ZmGlossy1-Like genes in epicuticular lipid production. Lipid extracts of stems 
from cer1-2 plants overexpressing each of the maize genes were analyzed via GC/MS. We 
identified two genes, ZmGL1-Like 4 and ZmGL1-Like5 that complement the cer1 chemotype.  
We also explored the cuticular lipid profile of single flowers as well as spatial distribution of 
different metabolites using MALDI-MSI. 
I grew and generated all transgenic lines used in the experiments described, and 
performed and analyzed all data on stem epicuticular lipids. Kelsey Schieltz provided laboratory 
support in growing and generating all transgenic plants as well as stem cuticular wax prep. Liza 
Alexander collected and extracted cuticular lipids from single flower. Dr. Bo Xie prepared, ran 
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and analyzed MALDI/MSI flower samples.  Dr. Zhihong Song provided initial cuticular lipid 
library used to analyze samples via AMDIS.  
The third chapter explores the epicuticular profile of maize genes involved in the 
production of aldehyde and its derivative products (alkanes, alcohols and ketones). Arabidopsis 
wax deficient mutant, cer3, was used to investigate the role of ZmGlossy1 and 5 
uncharacterized ZmGlossy1-Like genes involvement in epicuticular lipid production.  Sequence 
similarity indicated that the maize GLOSSY1 gene may be a homolog to the Arabidopsis CER3 
gene. We were the first to overexpress ZmGL1 in a cer3 knockout background, and based on 
GC/MS analysis found it only partial complement the missing cer3 function. We did however 
identify ZmGL1-Like1 to be the functional homolog of CER3. 
 I grew and generated all transgenic lines used in all experiments described, and 
performed and analyzed all data on stem epicuticular lipids. Kelsey Schieltz provided laboratory 
support in growing and generating all transgenic plants as well as stem cuticular wax prep. 
The fourth chapter contains general conclusions from the two previous chapters as well 
as additional discussion of key conserved domains that may play a role in determining the 
specific enzyme activity of the GLOSSY1 family of proteins.  
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Abstract 
A plant’s outer most defense layer is constituted by the extracellular epicuticular lipids 
that are composed of Very Long Chain Fatty Acids (VLCFAs) and their derivatives. Mutants 
deficient in these lipids have been used to characterize their biosynthesis. One of the first such 
gene to be genetically identified was the glossy1 locus of maize in 1928 and this locus was 
subsequenty molecularly characterized in the 1997. Maize seedlings coat their surfaces with 
cuticular lipids that are composed primarily of primary alcohols and aldehydes with only trace 
amounts of alkanes, and the glossy1 mutation eliminates about 90% of these lipids.  Sequence 
based genome scanning has identified 2 homologous genes in Arabidopsis (CER1 and CER3) and 
five Glossy1-like genes in maize (ZmGL1-Like1, ZmGL1-Like2, ZmGL1-Like3, ZmGL1-Like4 and 
ZmGL1-Like5. To explore if these sequence based homologies may indicate functional homology 
with the Cer1 gene of Arabidopsis, we conducted transgenic experiments in which we 
expressed the Glossy1 gene and the 5 ZmGL1-Like genes either wild-type or cer1 mutant 
Arabidopsis plants and tested for functional complementation.  These experiments revealed 
that ZmGL1-Like4 and ZmGL1-Like5 are functional homologs of CER1. Interestingly, ZmGL1-
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Like3 showed partial complementation to the cer1 mutant, showing a significant accumulation 
of C23 and C25 alkanes; suggesting a novel short chain specificity not typically produced by 
plants. Because the CER1 shows high levels of expression in the reproductive organs, and 
detailed cuticular lipid profiles of these organs are unknown, we used MALDI/MSI to determine 
metabolites that accumulate on the abiaxial and abaxial surfaces of individual flowers, and 
found that with of these unique lipids localize to the sepal surfaces.  
Introduction 
The aerial organs of plants are covered with a waxy lipid coating called the cuticle, which 
is responsible for preventing excessive water loss and providing protection from bacterial and 
fungal pathogens (3). The lipids deposited on the epicuticular surface form unique crystalloid 
structures and are comprised of very long chain fatty acids (VLCFAs) and their aliphatic 
derivatives, which include alkanes, primary and secondary alcohols, wax esters, and ketones. 
These lipids are synthesized by one of two metabolic pathways: the reductive pathway, which 
generates primary alcohols and wax esters, and the hydrocarbon pathway that generates 
alkanes and the derivatives secondary alcohols and ketones (40).   
Genetic studies in Arabidopsis have provided insights into these pathways, with the 
molecular characterization of ECERIFERUM (CER) mutants, meaning not wax bearing.  The CER3 
gene is proposed to encode a fatty acyl-CoA reductase that generates aldehydes from acyl-CoA 
substrates (31), and CER1 is proposed to encode an aldehyde decarbonylase that converts the 
aldehydes to alkanes (32). Overexpression lines of CER1 showed increase in odd-chain alkanes 
from C27-C33, confirming its strong association with alkane biosynthesis(33). Bernard et al 
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recently proposed that CER1 and CER3 form a complex that catalyzes the two reaction step 
conversions of acyl-CoAs to alkanes, where the aldehyde intermediate may be retained within 
the complex.  
Based on computational predictions, the N-terminal portion of CER1 and CER3 proteins 
contain several transmembrane spanning domains.  This region of these proteins appears to 
contain a conserved domain with similarity to fatty acid hydroxylase superfamily of proteins.  
This family of proteins is characterized as membrane bound proteins that contain three regions 
of conserved histidine-containing sequences.  The His-rich domains act as ligands for a diiron-
oxo cofactor cluster that is also observed in membraneous fatty acyl desaturases (36). The C-
terminus of the CER1 and CER3 proteins are predicted to consist of a globular domain on the 
cytosolic side of the membrane, containing a conserved, uncharacterized, WAX2 domain(31). 
Cuticular lipid biosynthesis has also been studied in a number of species other than 
Arabidopsis, including rice (Oryza sativa), barley (Hordeum vulgare), and maize (Zea mays) (49, 
54, 67, 68). In maize, more than 30 glossy (gl) mutant loci have been identified that affect the 
normal accumulation of cuticular lipids on the surfaces of juvenile seedling leaves (48).  These 
mutants are characterized by water beading on the young leaves, whereas on wildtype plants 
the water readily runs off the leaf surface (49).  
After the molecular isolation and characterization of the GLOSSY1 (GL1) gene (51) several 
similarities were noticed between the encoded protein and the CER1 and CER3 proteins.  These 
include the N-terminal transmembrane spanning domains, which contain the tripartite His-rich 
motif, and a soluble C-terminal uncharacterized WAX2 domain(31). 
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Despite the sequence similarities among GLOSSY1, and the CER1 and CER3 sequences 
(they share about 33% and 61% sequence identities), mutations in each gene appears to affect 
different branches of the cuticular lipid biosynthetic pathway. Specifically, whereas the cer1 
and cer3 mutations reduce the accumulation of products of the hydrocarbon pathway, the 
glossy1 mutations reduce the accumulation of the products of the reductive pathway (32, 49, 
50), possibly suggesting different roles in surface lipid biosynthesis. To further explore this 
dilemma we identified additional maize GLOSSY1 homologs and characterized their functions 
by assessing whether they are functional homologs of the cer1 and cer3 genes of Arabidopsis.  
Based on phylogenetic analyses, we identified 5 additional maize Glossy1-like genes and found 
that two (ZmGL1-Like5 and ZmGL1-Like4) can functionally complement the cer1 mutant 
phenotype.  
Materials and Methods 
Phylogenetic Analysis 
Position-specific iterated basic local alignment search tool (PSI-BLAST) search using non-
redundant protein database against GLOSSY1 protein sequence was performed (in 2012). BLAST 
parameters included: 0.01 expected threshold, Blosum80 matrix, and existence11 extension1 
gap cost.  Resulting sequences needed 40% coverage of the protein, and at least 30% identity. 
Duplicate sequences were removed using BioExtract, xmknr program, resulting in the 
identification of 150 sequences.  A multiple sequence alignment was generated using 
Muscle(69) within Molecular Evolutionary Genetics Analysis 5 (MEGA5)(70).  An unrooted 
phylogenetic tree was generated using Neighbor Joining statistical method, gaps were 
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subjected to a pairwise deletion, amino acid Jones-Taylor Thornton (JTT) model, and a 
bootstrap test of 1000 replicates were performed.  
Transmembrane domains were predicted using HMMTOP(71, 72) 
DNA Sequences 
Candidate genes were codon optimized for expression in Arabidopsis using 
OptimumGene by GeneScript. Sequences were chemically synthesized and cloned into pMA-RQ 
vectors by GeneScript. Genes were cloned into pEarleyGate100(73) via Invitrogen Gateway LR 
Clonase II kit.  
Plant Material and Growth Condition 
Arabidopsis (Arabidopsis thaliana Col-0) was used in all experiments. The T-DNA 
insertion line (SALK_014839 (cer1-2)) was obtained from the Arabidopsis Biological Resource 
Center (www.arabidopsis.org). All plants were grown in LC-1 sunshine soil with constant light of 
2500 Lux, temperature of ~23°C, and relative humidity of 32.5%.  Transgenic plants in the cer1 
mutant background were moved into humidity chambers (relative humidity ~64%), for seed 
development. Light intensity, temperature and relative humidity were measured using an Onset 
Hobo monitor U12-012 (http://www.onsetcomp.com). 
 
Transformation of Arabidopsis 
ZmCER1-like sequences were cloned into pEarleyGate100 vector(73) via Invitrogen 
Gateway LR Clonase II kit, and transformed into Agrobacterium tumefaciens strain C58C1 by 
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electroporation.  The resulting strains were used to transform WT Col-0 and cer1-2 lines by a 
floral dip method (74).  
 
Agro transformation was unsuccessful in yielding a Glossy1 expressing line in the cer1 
mutant background. However, Glossy1 was successfully transformed into WT Arabidopsis line.  
We generated a Glossy1 expressing line in a cer1 mutant background was generated via the 
following genetic crosses. 
 
 
 
Extraction of Stem Extracellular Surface Lipids 
The primary bolting stems were collect at a height of ~19cm + 2cm and the cuticular 
lipids were extracted by submerging them in 10ml of chloroform for 1 minute.  Methyl 
nonadecanoate (1.5 µg) (Sigma-Aldrich) was spiked on the tissue as an internal standard. 
Following extraction, the tissue was frozen with liquid nitrogen and lyophilized, and the dry 
weight of the tissue was determined. The chloroform-soluble cuticular lipid extracts were dried 
under a stream of N2 gas.  Samples were derivatized at 65°C for 20minutes using BSTFA (N,O-
Bis(trimethylsilyl)trifluoroacetamide; Sigma-Aldrich). Excess BSTFA was removed by drying 
under a stream of nitrogen gas and sample was dissolved in chloroform for gas 
chromatography-mass spectrometry (GC-MS) analysis.   
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Due to the fact cer1-2-p35S::Gl1 and WT-p35S::Gl1 were the result of crossing, they 
were grown later than the other plant, therefore statistical analysis of these plants are kept 
separate and are compared against controls grown at the same time. 
 
Extraction of cuticular lipids from single Arabidopsis flowers 
The extracellular epicuticular lipids were extracted from individually collected flowers at 
four different developmental growth phases stages 12-15 as defined by Smyth et al 1990 (for 
easy we refer to these stages as A-D). These four developmental stages were defined as 
follows: Stage A, closed bud; Stage B, petal is visible at tip of bud; Stage C, open flower with 
petals at 90o to flower axis; and Stage D, closing of the flower with a visible silique growth(75). 
For quantification purposes, an aliquot of 0.01 g hexacosane was applied to the flower and 
dried, prior to extraction.  Individual buds and flowers were completely immersed in 0.5 mL 
chloroform for 60 seconds. The extracellular epicuticular lipid extracts were dried under a 
stream of nitrogen gas and derivatized using BSTFA/TCMS (70 C, 30 minutes).  
 
Analysis of Cuticular Lipids by Gas Chromatography/Mass Spectrometry (GC/MS) 
Stem extracts were analyzed using Agilent Technologies Model 7890A Gas 
Chromatograph equipped with a Agilent HP-5MSI column was coupled to a Model 5975C mass 
spectrum detector was used for analyses. The oven temperature started at 120°C, and was 
increased to 260°C at a rate of 10°C/min where it remained unchanged for 10 minutes. The 
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temperature was further increased to 320°C at 5°C/min and remained unchanged for an 
additional 4 minutes.  
 
The GC/MS data files were deconvoluted with NIST AMDIS software, and searched 
against an in-house compound library as well as the NIST 14 Mass Spectral Library.  Two peaks, 
showing a mixture of 2 metabolites (C28 aldehyde with C26 fatty acid, and C30 aldehyde with 
C29 primary alcohol) were not able to be deconvolute using AMDIS, therefore they were 
reported as a mixture.  Student’s T-test was done to determine those metabolites that showed 
significant change in abundance. 
 
Flower extracts were analyzed using an Agilent 6890 GC interfaced to a 5973 mass 
spectrometer via large volume injection with programmable temperature vaporizer inlet (LVI-
PTV-GC-MS, Agilent Technologies). The HP-5ms column (30 m x 0.25 mm i.d. coated with a 0.25 
m film, Agilent Technologies) was used, and temperature gradient was programmed from 80 
to 180°C at 20°C/min held for 1min then ramped to 220°C at 5°C/min held for 5min and finally 
ramped to 320°C at 10°C/min held for 10min with He flow rate at 0.1 mL/min. Operating 
parameters were set to 70 eV (electron ionization) of ionization voltage and 280 °C of interface 
temperature.  
 
For biological replication purposes, data were gathered from six individual flowers, each 
harvested from individual plants.  The GC/MS data files were deconvoluted with NIST AMDIS 
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software, and searched against an in-house compound library as well as the NIST 14 Mass 
Spectral Library. 
 
Mass Spectrometry Imaging (MSI) of single flower: 
Stage D Arabidopsis thaliana flowers during floral organ development, from wild type 
and various mutants, are dissected from intact plants were immediately attached onto glass 
slides using a double-sided tape. Both adaxial (upper) and abaxial (bottom) sides of each 
genetic type flower are open up and make each part of flower very flat for MS imaging. Samples 
were dried in a desiccator for 30-60min. Silver layers are deposited on top of the tissue using a 
Cressington 308R sputter coater (Redding, CA) at an argon partial pressure of 0.02 mbar and a 
current of 80mA. The depositions were time-controlled. Deposition times were 50s.  
Profiling and MS imaging  of the flowers were performed on a SolariX Fourier transform 
mass spectrometer (FTMS) (7 T) (BrukerDaltonics, Bremen, Germany) equipped with an 
ESI/MALDI Dual Ion Source including SmartBeamTM II laser providing a laser focus down to 
20um in diameter for the “minimum” focus setting. Images were acquired with a pixel step size 
for the surface raster set to 80 um with FlexImaging 4.0 software (BrukerDaltonics, Bremen, 
Germany). Mass spectra were externally calibrated using Arg standard mixture. MALDI mass 
spectra were acquired in positive ion mode from 200 laser shots that accumulated at each spot. 
The laser power was set to 25% with a frequency of 1000 Hz. Mass range was set to m/z 300-
800 and time of flight value was 7ms. Ion cooling time was set to 0.01 s.   
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Profiling data were acquired by summing 25x200 shots from the selected tissue section. 
For MS imaging acquisition, 200 shots were summed per array position. The spatial 
distributions of surface lipids metabolites are obtained with 80µm spatial resolution. 
Identifications were performed by “Text-based searches” using experimental monoisotopic 
masses of each low-abundant surface lipid species, mass tolerance was set to 2ppm. Molecular 
formulas were confirmed from ones determined with single flower GCMS profiling. 
 
Results and Discussion 
Phylogenetic Analysis 
The 150 sequences that were identified with PSI-BLAST analysis using GLOSSY1 as the 
query included sequences from Vitis (grapevine), Medicago (alfafa), Arabidopsis, Oryza (rice), 
Hordeum (barley).  Only 16 sequences were identified from Zea mays (maize), of which 6 
appear to be full length sequences. These 6 sequences are distributed among two distinct 
clades, one clade containing CER1, and 3 unknown maize genes (GRMZ2G066578, 
GRMZ2G075255, and GRMZM2G099097), and the second clade containing CER3, and 3 maize 
genes, these being Glossy1 and 2 unknown genes (GRMZ2G083526 and GRMZ2G029912) 
(Figure1).  Based on this homology-based and distance with respect to Glossy1 we have 
renamed these 5 Glossy1 homologous genes as Glossy1-like genes (Table 1).  Comparing the 
protein sequences of these 6 maize proteins with respect to CER1, and the sequence related 
CER3 protein, we find that they share at least 33% sequence identity (at least 52% similarity), 
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and they are of similar length (do not differ by more than 11 amino acids), and all 6 proteins 
have predicted transmembrane domains (TMD) at their N-terminus (Table 1).  
 
 Multiple sequence alignment reveals that ZmGL-Like3, ZmGL1-Like4, and ZmGL1-Like5 
maintain all three conserved His-rich motifs that occur in CER1 (Figure 2).  Each candidate maize 
gene also possesses 2 conserved domains found in CER1, the FA_Hydroxylase domain within 
the N-terminus portion, and a WAX2 domain at the C-terminus.  
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Transgenic evaluation of GLOSSY1 homologs’ ability to complement the cer1 mutation.   
Based on the sequence similarity among CER1 and the GLOSSY1-homologous proteins, 
all 6 maize ORFs were transgenically tested for their ability to restore the cer1 function in plants 
carrying the cer1-2 knockout allele.  In these genetic complementation experiments all 6 maize 
GLOSSY1-homologous proteins were also transgenically over-expressed in WT Arabidopsis 
plants. 
Because the Agrobacterium floral dip 
method was not successful in generating the 
transgenic lines that overexpress the Glossy1 ORF 
in the cer1-2 mutant background, these plants 
were generated by genetically crossing the 
transgenic Glossy1 overexpressing WT line with 
the cer1-2 mutant plants.  The resulting plants 
were subjected to cuticular lipid analysis 
regardless how the cross was conducted; namely 
regardless of whether cer1-2 was used either as a 
male or female in the cross, the chemotypes of 
the resulting plants were indistinguishable from 
each other (Figure 3). 
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Analysis of Stem Extracellular Cuticular Lipids 
In order to determine if any of the maize Glossy1-like genes are functional homolog of 
CER1, cuticular lipid composition of stems of the different transgenic lines were analyzed in 
detail (Table 2 and 3; Figure 4). The total surface lipids on the stem of the cer1-2 mutant plants 
is less than 10% of the WT plants (Figure 4).  Expression of all ZmGL1-Likes under the 
transcriptional regulation of the 35S promoter significantly increased the accumulation of the 
cuticular lipids on the stems as compared to the cer1-2 mutant. However, the expression of 
ZmGL1 show no significant difference in the total cuticular lipid as compared to the cer1-2 
mutant (Fig4 A).  Most significantly, the expression of ZmGL1-Like4 and ZmGL1-Like5 increased 
cuticular lipid accumulation by 6- and 2.7-fold as compared to the WT plants, respectively.  The 
expression of the remaining three maize ZmGL1-Like genes did not return cuticular lipid levels 
back to wild type levels, although the levels were increased as compared to the cer1-2 mutant; 
suggesting the ability to partially complement the cer1-2 mutant (Figure 4).  
GC-MS analyses of the cuticular lipid extracts revealed that the most abundant 
metabolites from WT stem include C28 and C30 primary alcohols, C29 and C31 alkanes, and the 
C29 secondary alcohol and ketone, all of which were dramatically reduced on the stems of cer1-
2 mutant plants.  Upon the over-expression of ZmGL1-Like4 or ZmGL1-Like5 in the cer1-2 
mutant the accumulation of these major lipid metabolites was recovered to amounts greater 
than observed in the WT control (Figure 4 E and F). Expression of ZmGL1-Like5 not only rescues 
the cer1 knockout chemotype, but strongly increased the accumulation of C27, C29, and C31 
alkanes to levels higher than that of WT plants (61-, 4-, and 5-fold increase, respectively).  The 
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C29 derivatives, secondary alcohol and ketone, were also greatly increased as compared with 
WT (4.5- and 5-fold increase, respectively).  Transgenic expression of ZmGL1-Like4 also 
increased alkane production to levels greater than wild type (C27 6-fold, C29 1.2-fold, and C31 
7-fold respectively), but not to the same extent as ZmGL1-Like5.  Based on these results, we 
conclude that both ZmGL1-Like4 and ZmGL1-Like5 are functional homologs of CER1.  
Although, the transgenic expression of ZmGL1-Like3 does not appear to be able to fully 
rescue the accumulation of C29 alkane, or the downstream metabolites (i.e., secondary alcohol 
and ketone), it was able to induce the accumulation of the C29 alkane to 3-fold higher than in 
the cer1-2 mutant.  More interestingly, ZmGl1-Like3 was able to induce the accumulation of 
C23 and C25 alkanes to levels dramatically higher than in WT plants (116- and 34-fold increase, 
respectively) (Figure4 C).  This suggests that ZmGL1-Like3 is able to synthesize alkanes, but has 
a specificity for shorter chain lengths.   
Similarly, transgenic expression of ZmGL1-Like1 and ZmGL1-Like2 genes in the cer1-2 
mutant were not able to restore surface lipid accumulation to wild type levels. However, both 
genes were able to accumulate more C30 fatty acid than either wild type (25- and 16- fold 
respectively) or cer1-2 (7- and 4- fold respectively).  This buildup of C30 fatty acid suggests an 
inefficient conversion to downstream products, i.e. aldehydes or primary alcohols.   This may 
suggest that the main function of the ZmGL1-Like1 and ZmGL1-Like2 is not alkane biosynthesis 
per se, but rather providing the appropriate precursors for a functional alkane-producing 
system.  
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That ZmGL1-Like1, ZmGL1-Like2, as well as Glossy1 (which also did not rescue the cer1-2 
chemotype Fig.4 A) were not able to complement for the loss of cer1 function, whereas ZmGL1-
Like4 or ZmGL1-Like5 were able to complement the cer1 function is consistent with the fact 
that the former 3 genes share the lowest sequence identify with CER1. Additionally, closer 
examination of the sequences of the potential functional domains indicate that ZmGL1-Like1 
and ZmGL1-Like2, both lack the first histidine of the third His-rich motif (Fig1, third box).  It has 
previously been reported that if any of the first histidine residues in the first His-rich motif of 
CER1 are mutated, the resulting protein is not functional in rescuing the cer1 phenotype(45).   
Therefore, the substitution of this histidine residue in the ZmGL1-Like1 and ZmGL1-Like2 
proteins could explain why they are not able to complement the cer1 function.  Work has only 
been reported on the catalytic effects of the initial histidine of the first His-rich motif, and 
significance of the other histidine residues in this first His-rich motif or in the other two His-rich 
motifs have not been explored.  This is interesting to note, because ZmGL1-Like1, ZmGL1-Like2, 
and Glossy1 all lack the final histidine in the first His-rich motifs; this latter substitution could 
also contribute to the inability of these genes to rescue the cer1 mutant phenotype. Based on 
these observations and examining the sequence similarity between ZmGL1-Like1, ZmGL1-Like2, 
and Glossy1 with respect to CER3 (which shares 60% similarity), we propose that one of these 
maize genes is actually a CER3 functional homolog. Experiments to address this question are 
presented in Chapter 3 of this thesis. 
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Table 2. Cuticular wax composition of inflorescence stems of Arabidopsis WT (Col-0), cer1-2, cer1-2-p35S::ZmCER1-Like1, cer1-2-
p35S::ZmCER1-Like2, cer1-2-p35S::ZmCER1-Like3, cer1-2-p35S::ZmCER3-Like1, cer1-2-p35S::ZmCER3-Like2, WT-p35S::ZmCER1-Like1, 
WT-p35S::ZmCER1-Like2, WT-p35S::ZmCER1-Like3, WT-p35S::ZmCER3-Like1 and WT-p35S::ZmCER3-Like2 lines. 
Mean values of each wax class (nmol/g dry weight ± SE) and mean values (nmol/g dry weight ± SE) total wax amount. The sum 
includes shorter chain length constituents not presented in Figure4 
Plant Acid Aldehyde* 1-Alcohol Alkane 2-Alcohol Ketone Sterols Total 
         
WT 0.90±0.44 10.84±5.46 16.34±4.47 68.184±9.78 38.41±7.99 102.54±19.22 8.92±1.95 246.13±49.30 
cer1-2 1.32±0.63 0.34±0.08 2.29±0.44 1.30±0.75 0.16±0.02 0.175±0.033 5.37±0.91 10.91±2.86 
cer1-2-p35S::ZmGL1-Like5 29.52±7.15 60.26±26.75 129.91±40.75 467.25±157.76 267.80±80.05 582.43±182.43 98.22±17.34 1635.39±512.23 
cer1-2-p35S::ZmGL1-Like4 26.64±6.70 78.17±17.58 91.32±20.68 223.40±42.49 67.46±17.74 208.15±42.91 93.27±10.20 788.41±158.23 
cer1-2-p35S::ZmGL1-Like3 2.48±0.80 8.60±2.96 7.34±1.41 12.74±3.52 0.83±0.27 1.50±0.39 12.12±1.57 45.62±10.90 
cer1-2-p35S::ZmGL1-Like1 4.35±0.94 7.93±2.87 5.99±1.46 7.75±1.37 0.19±0.05 0.34±0.09 6.90±0.77 33.44±7.55 
cer1-2-p35S::ZmGL1-Like2 2.94±0.58 4.77±1.68 7.86±1.40 5.02±0.74 0.25±0.06 0.50±0.13 11.56±1.50 33.21±6.09 
         
WT-p35S::ZmGL1-Like5 25.30±6.86 23.14±9.85 118.66±18.95 570.42±12.26 312.86±51.19 537.33±81.33 63.47±13.82 1651.17±294.27 
WT-p35S::ZmGL1-Like4 17.77±3.93 57.74±17.48 132.82±12.75 483.47±60.54 337.07±50.62 659.42±50.62 70.86±8.07 1759.15±182.99 
WT-p35S::ZmGL1-Like3 3.90±1.38 3.93±1.39 12.82±4.53 72.28±25.55 45.25±15.99 88.65±31.34 14.06±4.97 240.88±85.16 
WT-p35S::ZmGL1-Like1 3.49±0.70 10.04±2.88 21.59±2.91 60.29±7.60 37.10±2.77 84.53±5.41 14.49±1.45 23.53±23.72 
WT-p35S::ZmGL1-Like2 6.08±1.18 16.28±4.15 28.68±4.80 67.99±12.49 48.09±8.89 102.65±18.25 19.06±2.67 288.82±52.42 
         
Aldehyde* is the sum of C24, C26, C28 mix with 30 fatty acid, and C30 mixed with 29 1-OH.  The mix metabolites were a result of 
eluting off the GC-MS as one peak which could not get deconvoluted by AMDIS. 1-Alcohol and 2-alcohol, primary and secondary 
alcohol, respectively. 
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Table 2A. Cuticular wax composition of inflorescence stems of Arabidopsis WT (Col-0), cer1-2, cer1-2-p35S::Gl1, WT-p35S::Gl1 lines.  
 
These lines were analyze separately due to the fact cer1-2-p35S::Gl1 and WT-p35S::Gl1 were the products of crossing and compared 
against controls grown at the same time.  
Mean values (nmol/g dry weight ± SE) total wax amount and mean values of each wax class (µmol/g dry weight ± SE). The sum 
includes shorter chain length constituents not presented in Figure4 
Plant Acid Aldehyde* 1-Alcohol Alkane 2-Alcohol Ketone Sterols Total 
         
WT 4.88±1.13 36.94±8.35 39.48±6.01 96.98±7.47 97.69±4.72 149.55±9.32 25.95±1.86 451.48±38.85 
cer1-2 10.31±4.56 23.52±11.14 26.41±3.34 5.35±0.55 0.80±0.14 2.48±0.38 19.72±1.34 88.60±21.46 
cer1-2-p35S::GL1 14.08±1.88 34.42±4.22 23.41±3.20 3.70±0.37 0.43±0.06 1.24±0.13 21.19±1.26 96.47±11.12 
WT-p35S::ZmGL1 4.87±0.062 30.29±3.38 36.59±3.07 80.17±8.55 76.74±5.11 127.63±8.77 26.71±1.41 382.98±30.92 
         
Aldehyde* is the sum of C24, C26, C28 mix with 30 fatty acid, and C30 mixed with 29 1-OH.  The mix metabolites were a result of 
eluting off the GC-MS as one peak which could not get deconvoluted by AMDIS. 1-Alcohol and 2-alcohol, primary and secondary 
alcohol, respectively.
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Analysis of cuticular lipids from individual Arabidopsis flowers 
Initial characterization of the expression pattern of the CER1 gene using a promoter-GUS 
reporter transgene indicated that it is not only highly expressed in the stem, but is also 
expressed at high levels in all flower organs, with the exception of pollen (33). These data are 
supported by microarray transcriptomic profiles available on PLEXdb (www.plexdb.org). 
Furthermore, the cer1 mutants present a male-fertile flower phenotype.  Exploring microarray 
data for ZmGl1-Like1 and ZmGl1-Like2 (www.plexdb.org) indicate that these two genes are also 
expressed at high levels in the reproductive organs of maize (i.e., tassels and silks)(76). 
To further explore the potential role of CER1 in the deposition of the cuticular lipids of 
flowers, we profiled these lipids in WT and cer1-2 flowers, data that have not been previously 
reported.  Furthermore, we explored if the expression of the ZmGL1-Like1 and ZmGL1-Like2 
affected the cuticular lipids of these flowers.  In these experiments four different stages of 
flower development were examined, as a mechanism to monitor change is floral metabolites 
over the course of a flower’s maturation. These four stages are labelled A to D, and they are 
defined and illustrated in Figure 5.  Specifically, Stage A: are closed buds; Stage B: the petals are 
just emerging from the bud; Stage C: open flower with petals extended at 90o to the flower 
axis; and Stage D: closing of the flower with visible silique growth(75). Analysis of these 
cuticular profiles is currently underway.  
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Matrix assisted laser desportion ionization mass spectrometry imaging (MALDI/MSI) was 
performed in order to visualize the spatial distribution of metabolites on the different tissues 
(petal, sepal, carpel, stamen) as previously reported on a wild type Arabidopsis adaxial 
flower(77). Here we have analyzed the difference in profiles of the adaxial (face up) and abiaxial 
(face down) side of flowers at stage D of a wild type, cer1 knockout and two transgenic lines.  
As previously reported by Jun et al, the carpel accumulate large amounts of C29 ketone, this 
trend is seen in all adaxial flowers we analyzed. There appears to be a larger accumulation of 
surface lipids on the abiaxial side of the flower, largely localized to the sepals (Figure 6). These 
results are consistent with the biology of a flower; the sepals enclose the bud and provide the 
outer most protection for the flower. Therefore being rich in epicuticular lipids, which help 
protect the plant from environmental stresses like water loss (3, 7). Unfortunately, at this time 
in instrument development, we are unable to quantify these lipids; therefore cuticular lipid 
extractions were performed from single flowers and analyzed via GC-MS.  
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Conclusion 
We have shown maize possess two functional homologs to Arabidopsis’ CER1. Having 
varying expression profiles, ZmGL1-Like4 and ZmGL1-Like5 do not appear to be redundant 
genes(76). Their expression profiles do follow our understanding of where alkanes are typically 
accumulated on a maize plant. Low levels of alkanes (and expression of ZmGL1-Like4 and 
ZmGL1-Like5) are found on seedlings(54); while higher alkane levels (and expression levels)  are 
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associated with reproductive tissue (silks, tassels, etc.)(47, 76).  Continue work to fully 
characterize these genes is needed.  
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 Supplemental 
Table3: Cuticular wax composition of inflorescence stems of Arabidopsis WT (Col-0), cer1-2, cer1-2-p35S::ZmGL1-Like5, cer1-2-
p35S::ZmGL1-Like4, cer1-2-p35S::ZmGL11-Like3, cer1-2-p35S::ZmGL1-Like1, cer1-2-p35S::ZmGL1-Like2, WT-p35S::ZmGL1-Like5, WT-
p35S::ZmGL1-Like4, WT-p35S::ZmGL1-Like3, WT-p35S::ZmGL1-Like1 and WT-p35S::ZmGL1-Like2 lines. 
Mean values of each wax class (nmol/g dry weight ± SE) and mean values (nmol/g dry weight ± SE) total wax amount. 
Metabolite WT cer1-2 cer1-2-p35S::GL1-
Like5 
cer1-2-
p35S::GL1-Like4 
cer1-2-
p35S::GL1-
Like3 
cer1-2-
p35S::GL1-
Like1 
cer1-2-
p35S::GL1-
Like2 
 n=6 n=5 n=8 n=9 n=6 n=6 n=8 
Fatty Acid        
C14 0.96±0.44 0.57±0.41 23.54±4.38 11.29±2.25 0.72±0.24 0.64±0.05 0.94±0.12 
C15 0.57±0.18 0.52±0.18 10.95±2.43 14.41±5.42 0.82±0.035 2.31±0.42 2.42±0.43 
C16 4.40±2.17 6.52±3.471.42 103.50±16.25 62.35±10.53 7.60±1.69 8.35±0.79 8.14±0.81 
C18 2.66±1.34 3.63±0.61 64.13±10.81 47.81±8.79 4.93±0.96 6.31±0.95 5.14±0.70 
C20 0.21±0.11 0.71±0.13 14.64±3.26 9.34±2.45 0.90±0.55 1.46±0.08 1.41±0.12 
C22 0.02±0.01 0.14±0.11 4.24±1.42 2.45±0.70 0.15±0.09 0.59±0.06 0.50±0.08 
C24 0.03±0.01 0.30±0.14 16.86±5.56 9.15±2.74 0.85±0.32 2.43±0.47 1.69±0.24 
C28 0.37±0.18 0.33±0.11 26.10±10.35 24.34±6.96 1.95±0.79 10.81±3.01 1.94±0.42 
C29 0.04±0.02 0.01±0.0001 3.52±1.67 4.36±2.34 0.63±0.25 0.22±0.14 0.22±0.11 
C30 0.55±0.32 1.79±0.49 56.17±22.04 105.47±30.62 8.53±3.38 14.50±4.20 9.72±3.24 
C32 0.02±0.01 0.01±0.0001 1.08±0.048 2.10±0.94 0.26±0.16 0.22±0.14 0.23±0.15 
Total Fatty Acid 0.90±0.44 1.32±0.063 29.52±7.15 26.64±6.70 2.48±0.80 4.35±0.94 2.94±0.58 
        
1-Alcohol        
C16 0.21±0.19 0.01±0.0002 1.20±0.21 1.28±0.27 0.05±0.01 0.09±0.04 0.05±0.01 
C18 0.18±0.02 0.14±0.03 4.82±1.16 22.15±17.05 0.28±0.08 0.48±0.15 1.03±0.62 
C21 0.29±0.05 0.03±0.02 3.38±1.06 0.90±0.14 0.31±0.07 0.14±0.05 0.17±0.03 
C22 0.70±0.15 0.29±0.06 7.58±1.29 11.3±2.8 2.44±0.50 1.94±0.64 1.26±0.34 
C23 0.23±0.05 0.01±0.0004 2.12±0.75 0.54±0.11 0.41±0.09 0.04±0.01 0.09±0.02 
C24 2.7±0.5 0.50±0.20 41.5±13.2 18.7±4. 2.10±0.28 1.8±0.5 2.2±0.44 
C26 55±14 8.4±2.4 553.4±169.2 327±75 25.8±3.7 25.3±5.9 32.2±5.6 
C27 0.60±0.27 0.11±0.08 18.32±11.50 6.20±1.44 0.47±0.16 0.35±0.15 0.25±0.07 
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C28 104.4±27.2 12.3±1.5 676.2±213.8 453.2±91.14 35.5±6.6 27.9±6.5 36.6±5.7 
C30 15.5±6.5 3.4±0.56 120.25±36 162.6±35.2 13.2±4 7.9±2.08 12.71±2.56 
C32 0.05±0.04 0.01±0.0001 0.35±0.09 0.54±0.19 0.15±0.05 0.01±0.001 0.03±0.02 
Total 1-Alcohol 16.3±4.5 2.3±0.44 129.9±40.75 91.32±20.7 7.34±1.4 6±1.5 7.9±1.4 
        
Alkane        
C23 0.08±0.06 0.04±0.03 2.35±0.99 1.6±0.42 9.9±3.2 0.10±0.06 0.21±0.07 
C24 0.62±0.31 0.44±0.27 2.91±0.78 2.96±0.7 0.5±0.17 0.30±0.01 0.3±0.04 
C25 1.26±0.45 0.49±0.22 71.80±29.98 19.5±3.34 44±14.9 4.7±1 1.8±0.3 
C27 16.34±2.4 0.97±0.96 1021.5±486.7 113±19 19.7±5.7 27.44±4.6 7.7±1.2 
C28 1.04±0.65 2.44±1.5 70.23±30.70 29±5.5 1.6±0.7 2.3±0.4 1.00±0.21 
C29 516.7±65.7 7.3±3.8 2578.5±740.7 1142.9±207.4 32.3±4.4 33.3±5.35 30.2±3.5 
C30 3.18±0.58 0.01±0.0001 38.2±9.3 35.7±4.3 1.3±0.5 1.02±0.3 2.9±0.7 
C31 56.4±11.3 0.01±0.0001 366±99.9 466.8±88.7 4.7±1.7 0.6±0.6 1.07±0.77 
C33 18.02±6.6 0.01±0.0001 53.8±20.8 199.3±53.2 0.7±0.3 0.01±0.0003 0.01±0.0001 
Total Alkane 68.2±9.8 1.30±0.75 467.25±57.75 223.4±42.5 12.7±3.5 7.75±1.4 5.02±0.74 
        
2-Alcohol        
C27 0.74±0.21 0.01±0.0001 80.7±37.8 5.5±1.6 1.16±0.36 0.05±0.02 0.02±0.0004 
C28 0.29±0.08 0.01±0.0001 8.1±4.2 1.30±0.63 0.07±0.03 0.01±0.0001 0.01±0.0001 
C29 152.2±31.4 0.45±0.07 980.5±77.5 260±68 1.86±0.54 0.67±0.17 0.83±0.17 
C30 0.39±0.25 0.01±0.0001 1.9±0.64 2.8±0.7 0.21±0.14 0.03±0.02 0.15±0.08 
Total 2-Alcohol 38.4±8 0.12±0.02 267.8±80 67.5±17.74 0.83±0.27 0.19±0.05 0.25±0.06 
Ketone        
C28 0.14±0.04 0.01±0.0001 9.4±6.4 1.19±0.49 0.03±0.02 0.01±0.0001 0.01±0.0001 
C29 304±56 0.51±0.10 1718±533.3 614.63±125.75 4.46±1.14 1.00±0.26 1.5±0.4 
C30 3.3±1.7 0.01±0.0001 19.80±7.62 8.6±2.5 0.02±0.01 0.01±0.0001 0.01±0.0004 
Total Ketone 102.5±19. 0.18±0.03 582.43±182.4 208.15±42.9 1.50±0.4 0.34±0.09 0.50±0.13 
        
Aldehyde*        
C24 0.23±0.11 0.01±0.0001 3.8±2.5 1.2±0.3 0.21±0.09 0.17±0.07 0.12±0.05 
C26 2.8±1.5 0.01±0.0001 28.4±14.4 14.9±3.3 2.3±0.8 2.03±0.74 0.97±0.40 
C28,mixed C26Fa 9.7±5.6 0.41±0.11 106.8±56 81±20.2 8.1±2.5 12.9±3.8 5.5±1.5 
C30, mixed 29 1-OH 30.7±14.6 0.94±0.19 102±34.2 215.6±46.5 23.75±8.5 16.7±6.8 12.4±4.7 
Table 3 (Continued) 
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Total Aldehyde* 10.8±5.5 0.34±0.08 60.26±26.75 78.2±17.6 8.6±3 7.9±2.9 4.8±1.7 
        
Sterols        
Cholesterol 1.44±0.58 1.46±0.23 10.77±3.90 20.72±2.29 2.87±0.64 2.38±0.22 3.16±0.42 
β-Amyrin 11.14±3.30 10.02±2.10 185.83±26.96 145.96±16.28 18.79±2.42 11.06±1.33 18.05±2.48 
Lup-20(29)-en-28-al 25.55±4.90 13.60±1.70 243.89±42.92 242.98±25.05 30.85±3.60 17.91±1.84 32.41±3.75 
Lupeol 6.05±0.83 1.62±0.46 41.55±10.03 47.86±6.06 6.79±0.78 1.95±0.25 4.59±0.69 
Total Sterol 0.43±0.15 0.15±0.05 9.07±2.89 8.83±1.32 1.32±0.39 1.18±0.18 1.07±0.16 
        
Total Surface Lipid 246.13±49.30 10.91±2.86 1635.395±512.23 788.41±158.29 45.62±10.90 33.44±7.55 33. 21±6.09 
 
 
 
Metabolite WT cer1-2 WT-
p35S::GL1-
Like5 
WT-
p35S::GL1-
Like4 
WT-
p35S::GL1-
Like3 
WT-
p35S::GL1-
Like1 
WT-
p35S::GL1-
Like2 
 n=6 n=5 n=6 n=7 n=8 n=10 n=10 
Fatty Acid        
C14 0.96±0.5 0.57±0.41 31.8±6.6 24.5±3.8 3.2±1.1 3.7±0.9 6.4±1.1 
C15 0.57±0.18 0.5±0.18 6.6±3 24.2±4.6 1.5±0.5 1.7±0.7 0.2±0.1 
C16 4.4±2.2 6.5±3.5 94.0±17.4 59.7±8.6 16.6±6 11.0±1.4 20±1.9 
C18 2.7±1.3 3.6±1.4 52.9±7.5 31.1±4.8 12.4±4.4 7.2±0.9 11±1.9 
C20 0.21±0.11 0.7±0.6 15.8±3.2 8.2±2 1.2±0.4 1.7±0.3 4.7±1.2 
C22 0.02±0.01 0.14±0.13 3.8±1.3 2.2±0.7 0.3±0.1 0.6±0.1 1.4±0.3 
C24 0.03±0.01 0.30±0.14 13.3±4.4 10.0±2.4 0.9±0.3 1.9±0.4 3.7±0.5 
C28 0.37±0.18 0.33±0.11 18.0±7.4 14.7±5.4 1.8±0.6 5.5±2 6±1 
C29 0.04±0.02 0.01±0.001 2.0±1.1 2.1±1.4 0.1±0.1 0.2±0.1 0.6±0.3 
C30 0.55±0.32 1.8±0.5 39.4±25.8 18.0±8.8 4.6±1.6 5±0.8 12.9±2.5 
C32 0.02±0.01 0.01±0.001 0.7±0.5 0.8±0.6 0.2±0.1 0.04±0.02 0.1±0.02 
Total Fatty Acid 0.90±0.44 1.3±0.6 25.3±7 17.8±4 3.9±1.4 3.5±0.7 6.1±1.2 
        
Table 3 (Continued) 
Table 3 (Continued) 
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1-Alcohol        
C16 0.21±0.19 0.01±0.00 0.4±0.1 22±17 0.1±0.03 0.3±0.2 0.1±0.01 
C18 0.18±0.02 0.14±0.03 1.6±0.4 0.90±0.14 0.3±0.1 0.4±0.1 0.5±0.04 
C21 0.29±0.05 0.03±0.02 3.8±0.5 11.3±2.8 0.4±0.2 0.4±0.1 0.8±0.1 
C22 0.70±0.15 0.29±0.06 6.5±0.6 0.54±0.11 1.3±0.5 1.4±0.2 1.9±0.2 
C23 0.23±0.05 0.01±0.00 3.0±0.5 18.73±4.00 0.5±0.2 0.4±0.05 0.7±0.1 
C24 2.65±0.50 0.50±0.20 36.9±4 327.11±75.14 3.8±1.3 3.6±0.5 6.1±1 
C26 55.00±14.22 8.40±2.39 525.5±36.8 6.20±1.44 48.8±17.2 67.9±5.3 93.6±13.2 
C27 0.60±0.27 0.11±0.08 12.5±3 453.24±91.14 0.6±0.2 1.4±0.3 2.4±0.5 
C28 104.36±27.22 12.32±1.47 732.2±70.2 162.57±35.19 72.3±25.6 101.1±8 147.3±23.1 
C30 15.48±6.45 3.37±0.56 138.0±24 0.54±0.19 12.9±4.6 60.5±17.3 61±14 
C32 0.05±0.04 0.01±0.00 0.7±0.5 91.32±20.68 0.05±0.02 0.1±0.02 1.2±0.5 
Total 1-Alcohol 16.34±4.47 2.29±0.44 132.8±12.8 1.28±0.27 12.8±4.5 21.6±2.9 28.7±4.8 
        
Alkane        
C23 0.08±0.06 0.04±0.03 1.4±0.5 2.2±0.7 7.4±2.6 0.2±0.1 6.4±1.1 
C24 0.62±0.31 0.44±0.27 4.7±0.9 2.7±0.5 1.4±0.5 0.6±0.1 0.2±0.1 
C25 1.26±0.45 0.49±0.22 130.8±59 20.0±21 37.3±13.2 3.8±1.4 20±1.9 
C27 16.34±2.40 0.97±0.96 1215.8±371 232.5±32 31.6±11.2 32.3±11.3 11±1.9 
C28 1.04±0.65 2.44±1.50 78.8±12.3 44.0±6 4.3±1.5 5.1±1.3 4.7±1.2 
C29 516.66±65.68 7.30±3.78 3355.8±515.2 3481.1±434 503.0±177.8 401.9±46.3 1.4±0.3 
C30 3.18±0.58 0.01±0.00 26.8±4.2 37.5±3 7.2±2.6 5.9±0.5 3.7±0.5 
C31 56.44±11.28 0.01±0.00 281±35.8 417.7±44.4 48.5±17.1 70.4±5.1 6±1 
C33 18.02±6.57 0.01±0.00 38.7±11.9 113.4±22 9.9±3.5 22.5±2.4 0.6±0.3 
Total Alkane 68.18±9.78 1.30±0.75 570.4±112.3 483.5±60.5 72.3±25.6 60.3±7.6 12.9±2.5 
        
Ketone        
C27 0.74±0.21 0.01±0.00 N.D N.D N.D N.D N.D 
C28 0.29±0.08 0.01±0.00 8.5±2.5 3.9±1.1 0.4±0.2 0.4±0.1 0.4±0.1 
C29 152.20±31.43 0.45±0.07 1578.5±235.4 1946.2±145 260.8±92.2 249.3±15.6 302.9±53.5 
C30 0.39±0.25 0.01±0.00 25.0±6.1 28.1±5.6 4.7±1.7 3.9±0.6 4.7±1.1 
Table 3 (Continued) 
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Total Ketone 38.41±7.99 0.12±0.02 537.3±81.3 659.4±50.6 88.7±31.3 84.5±5.4 102.7±18.2 
        
2-Alcohol        
C27 N.D N.D 121.1±36 15.7±2.4 1.9±0.7 1.4±0.4 1.4±0.3 
C28 0.14±0.04 0.01±0.001 10.9±2.2 6.3±1.2 0.5±0.2 0.5±0.1 0.6±0.1 
C29 304.19±55.94 0.51±0.10 1118.6±166.2 1323.1±112.6 178±63 146.2±10.5 190.1±35 
C30 3.27±1.69 0.01±0.001 0.8±0.4 3.1±2.2 0.6±0.2 0.2±0.1 0.2±0.1 
Total 2-Alcohol 102.54±19.22 0.18±0.03 312.9±51.2 337±29.6 45.2±16 37.1±2.8 48.1±8.9 
        
Aldehyde*        
C24 0.23±0.11 0.01±0.001 0.8±0.4 2.8±0.9 0.3±0.1 0.7±0.2 0.7±0.2 
C26 2.78±1.46 0.01±0.001 8.6±2.1 19.1±4.8 2.0±0.7 3.8±0.6 4.7±1.1 
C28,mixed C26Fa 9.70±5.63 0.41±0.11 29.7±10.7 78.2±20 6.7±2.4 15.7±5.5 19.4±5 
C30, mixed 29 1-OH 30.67±14.62 0.94±0.19 53.5±26.2 130.9±44.3 6.8±2.4 20.0±5.2 40.3±10.3 
Total Aldehyde* 10.84±5.46 0.34±0.08 23.1±10 57.7±17.5 3.9±1.4 10±2.9 16.3±4.2 
        
Sterols        
Cholesterol 1.44±0.58 1.46±0.23 8.9±3.4 7.2±2.4 1.4±0.5 2.5±0.2 1.9±0.4 
β-Amyrin 11.14±3.30 10.02±2.10 105.5±21 123.6±11.5 19.5±7 20.6±2.9 22.9±2.5 
Lup-20(29)-en-28-al 25.55±4.90 13.60±1.70 161.2±33.8 173.6±17.5 37.7±13.3 38.7±3.2 55.7±7.2 
Lupeol 6.05±0.83 1.62±0.46 37.8±9.1 46±7.1 11.3±4 9.9±0.9 10.7±1.6 
Sitoterol 0.43±0.15 0.15±0.05 4.0±1.9 4.±1.9 0.4±0.1 0.7±0.1 4.1±1.7 
Total Sterol 8.92±1.95 5.4±0.91 63.5±13.8 70.9±8.1 14.1±5 14.5±1.4 19.1±2.7 
        
Total Surface Lipid 246.13±49.30 10.91±2.86 1651.2±294.3 1759.2±183 240.9±85.2 231.5±23.7 288.8±52.4 
Aldehyde* is the sum of C24, C26, C28 mix with 30 fatty acid, and C30 mixed with 29 1-OH.  The mix metabolites were a result of 
eluting off the GC-MS as one peak which could not get deconvoluted by AMDIS. 1-Alcohol and 2-alcohol, primary and secondary 
alcohol, respectively. N.D. is not detected. 
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Table3A: Cuticular wax composition of inflorescence stems of Arabidopsis WT (Col-0), cer1-2, cer1-2-p35S::Gl1, WT-p35S::Gl1 lines. 
These lines were analyze separately due to the fact cer1-2-p35S::Gl1 and WT-p35S::Gl1 were the products of crossing and compared 
against controls grown at the same time. 
Mean values (nmol/g dry weight ± SE) total wax amount and mean values of each wax class (µmol/g dry weight ± SE). 
Metabolite WT cer1-2 cer1-2-
p35S::Gl1 
WT-
p35S::Gl1 
 n=5 n=4 n=15 n=13 
Fatty Acid     
C14 1.22±0.09 0.67±0.12 0.35±0.03 1.3±0.09 
C15 0.21±0.09 0.43±0.32 0.47±0.11 1.3±0.9 
C16 10.9±1.1 17.52±9.22 6.3±0.4 6.9±0.5 
C18 7.31±0.95 11.79±6.2 4.6±0.3 5.2±0.5 
C20 0.63±0.20 0.66±0.12 0.67±0.06 0.38±0.07 
C22 0.21±0.08 0.310.14 0.34±0.04 0.12±0.03 
C24 2.64±0.94 2.36±0.75 2.9±0.4 2.62±0.40 
C28 5.5±2.1 5.53±2.24 9.5±1.4 8.9±1.15 
C29 3.6±1.3 4.9±2.3 4.4±0.95 3±0.33 
C30 21.5±5.5 66.5±3 119±15.4 23.3±3.2 
C32 0.05±0.02 2.7±1.8 6.3±1.6 0.6±0.22 
Total Fatty Acid 4.9±1.1 10.3±4.7 14.08±1.9 4.9±0.62 
     
1-Alcohol     
C16 0.21±0.04 0.13±0.04 0.08±0.01 0.13±0.02 
C18 1.05±0.22 0.77±0.20 0.65±0.08 0.75±0.07 
C21 0.56±0.07 0.28±0.05 0.23±0.05 0.56±0.08 
C22 1.13±0.15 1.55±0.26 1.30±0.17 1.30±0.13 
C23 0.42±0.08 0.13±0.04 0.13±0.03 0.47±0.07 
C24 7.45±1.22 5.18±0.45 4.07±0.62 7.82±0.84 
C26 113.3±17.3 69.42±6.05 60.56±8.54 110.5±9.5 
C27 2.44±0.41 0.80±0.16 0.76±0.17 2.3±0.32 
C28 224.5±31.6 117.64±11.5 107.36±14.13 211.28±16.98 
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C30 82.02±14.4 94.12±17.7 81.6±11.01 66.9±5.7 
C32 1.15±0.64 0.53±0.25 0.76±0.34 0.41±0.08 
Total 1-Alcohol 39.5±6 26.41±3.34 23.4±3.2 36.59±3.07 
     
Alkane     
C23 0.28±0.07 0.12±0.05 0.14±0.04 0.2±0.04 
C24 0.64±0.30 0.52±0.23 0.47±0.07 0.3±0.03 
C25 0.99±0.40 0.67±0.24 0.18±0.11 1.6±0.16 
C27 22.97±1.09 5.88±0.47 4.26±0.39 24.24±1.3 
C28 5.74±0.39 1.28±0.27 0.89±0.15 5.56±0.30 
C29 769.5±60.5 34.37±3.11 24.12±2.15 583.4±64.7 
C30 6.37±0.36 0.47±0.16 0.06±0.04 6.82±0.23 
C31 50.09±3.06 4.36±0.28 3.02±0.32 72.83±6.85 
C33 16.19±1.05 0.51±0.16 0.17±0.10 26.56±3.30 
Total Alkane 96.98±7.5 5.35±0.55 3.70±0.37 80.2±8.5 
     
Ketone     
C27 0.06±0.01 0.03±0.02 0.02±0.003 0.01±0.01 
C28 0.48±0.06 0.03±0.02 0.02±0.003 0.06±0.06 
C29 597.6±37.2 9.81±1.14 4.89±0.52 51±35 
C30 0.09±0.04 0.03±0.02 0.02±0.003 0.01±0.05 
Total Ketone 149.5±9.3 2.48±0.38 1.24±0.13 127.6±8.8 
     
2-Alcohol     
C27 2.81±0.16 0.05±0.02 0.03±0.005 0.29±0.23 
C28 0.99±0.07 0.03±0.02 0.02±0.003 0.10±0.13 
C29 386.4±18.5 3.10±0.51 1.64±0.22 30.20±19.95 
C30 0.52±0.13 0.03±0.05 0.02±0.003 0.11±0.14 
Total 2-Alcohol 97.7±4.7 0.80±0.14 0.43±0.06 76.74±5.11 
     
Aldehyde*     
Table 3A (Continued) 
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C24 0.92±0.21 0.19±0.07 3.8±2.5 0.91±0.11 
C26 8.41±2.12 2.75±1.13 28.4±14.4 8.09±0.82 
C28,mixed C26Fa 35.35±8.6 11.9±5.3 106.8±55.9 34.97±3.81 
C30, mixed 29 1-OH 103.1±22.5 79.20±38.05 102.04±34.23 77.20±8.80 
Total Aldehyde* 37±8.35 23.52±11.14 60.26±26.75 30.29±3.38 
     
Sterols     
Cholesterol 3.06±0.23 3.94±0.47 5.07±0.40 4.65±0.42 
β-Amyrin 41.73±3.84 32.67±2.14 36.99±2.48 48.26±1.94 
Lup-20(29)-en-28-al 71.12±4.03 52.30±3.05 52.30±2.58 66.28±3.53 
Lupeol 12.87±0.99 8.50±0.70 9.68±0.59 12.45±0.84 
Sitosterol 0.98±0.20 1.19±0.35 1.19±0.35 1.87±0.32 
Total Sterol 25.95±1.86 19.72±1.34 21.19±1.26 26.70±1.41 
     
Total Surface Lipid 451.48±38.85 88.60±21.46 98.46±11.12 382.98±30.91 
Aldehyde* is the sum of C24, C26, C28 mix with 30 fatty acid, and C30 mixed with 29 1-OH.  The mix metabolites were a result of 
eluting off the GC-MS as one peak which could not get deconvoluted by AMDIS. 1-Alcohol and 2-alcohol, primary and secondary 
alcohol, respectively. 
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Abstract 
The aerial organs of plants are coated with a mixture of lipids called the cuticle, which 
protects the plant from environmental stresses. Genetic studies in Arabidopsis have identified 
several genes proposed to play a role in extracellular surface lipids biosynthesis, specifically 
CER3 a putative fatty acyl reductase, and CER1 a putative aldehyde decarbonylase. The maize 
Glossy1 gene has been proposed to be a homolog of CER3 based on sequence similarity; 
however that hypothesis has not been experimentally tested. In this study we identified via 
BLAST analysis 5 uncharacterized maize Glossy1-Like genes that also shared at least 50% 
sequence similarity with CER3. We have shown that Glossy1 can partially restore surface lipid 
deposition in the absence of a functional cer3 gene, but can never return cuticle lipid 
metabolite levels to wild type state. We have however identified that GRMZ2G083526, which 
we refer to as ZmGL1-Like1, to be a functional homolog of CER3, because its transgenic 
expression fully complements the cer3 deficiency. 
Introduction 
The aerial tissue of plants are coated with an extracellular epicuticular lipid barrier 
called the cuticule, which is responsible for protecting the plant from water loss, pathogen 
ingress, and UV protection(3). The lipids deposited on the epicuticular surface are comprised of 
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very long chain fatty acids (VLCFA), primary alcohols, wax esters, alkanes, secondary alcohols, 
and ketones. The amounts of these lipid constituents will vary based on the plant species, 
tissue, and developmental stage(78).  These lipids are produced by one of two metabolic 
pathways: acyl-reduction pathway or the decarbonylation pathway.  In the acyl reduction 
pathway, fatty acids can be reduced to primary alcohols, and wax esters are the result form the 
condensation of a fatty acid with a primary alcohol.  In the decarbonylation pathway, fatty acids 
are first reduced to an aldehyde. This aldehyde is thought to undergo a decarbonylation 
reaction yielding an alkane. Upon reduction of the alkane secondary alcohols are produce, 
which can also get reduced to ketones(79).  
Cuticle production is common to many plant species, and therefore the genes involved 
may also be conserved. Therefore, cuticle deficient mutants have been studied in many species 
including Arabidopsis, Oryza sativa (rice), Hordeum vulgare (barley), and Zea mays (maize)(41, 
54, 80); the latter are characterized as having a glossy appearance.  Genetic studies in 
Arabidopsis have provided insights into the decarbonylation pathway, with the molecular 
characterization of ECERIFERUM (CER) genes.  The CER3 gene is proposed encode a fatty acyl 
reductase that generates aldehydes (31).  The CER1 gene is hypothesized to encode an 
aldehyde decarbonylase(32).  Based on computational predictions, the N-terminal portion of 
the CER3 protein contains several transmembrane spanning domains, similar to CER1.  Within 
this region is a conserved domain for the fatty acid hydroxylases superfamily; this family of 
proteins is characterized as being membrane bound, contains three regions of conserved 
histidine-containing sequences (also observed in membrane desaturases), and it is believed 
that these His-rich sequences act as ligands for two iron atoms(36, 41).  The C-terminus is 
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predicted to be a globular domain on the cytosolic side of the membrane, containing a 
conserved, uncharacterized, WAX2 domain(31).   
In maize, the developmental stage of the plant appears to have an effect on the 
chemical composition on the surface lipid. Juvenile leave (first five to six leaves) are comprised 
mainly of very long chain alcohols and aldehydes, whereas mature leaves largely consist of 
esters(51, 54).   More than 30 glossy (gl) loci have been identified to have altered surface lipid 
composition on the juvenile leaves of seedlings(48).  These glossy mutants are characterized by 
water beading on the young leaves, whereas on wildtype plants the water can easily run off the 
leaf(49). Based on initial molecular characterization of the GLOSSY1 gene, several similarities 
between CER1 and CER3 have been noted, including several transmembrane spanning domains 
located in the N-terminal region, which also contains the tripartite His-rich motif, and a soluble 
C-terminal region containing the uncharacterized WAX2 domain(51). Based on sequence 
identity GL1 shares 61% with CER3 (33% with CER1), suggesting Glossy1 could be a functional 
homolog of CER3.  To date, no one has tested the hypothesis that Gl1 may be a functional 
homolog of Cer3 and/or Cer1. In this study we conducted such a test, plus tested 5 
uncharacterized maize Glossy-Like genes that share at least 30% identity with respect to CER3.  
Materials and Methods 
Phylogenetic Analysis 
Position-specific iterated basic local alignment search tool (PSI-BLAST) search using non-
redundant protein database against GLOSSY1 protein sequence was performed in 2012. BLAST 
parameters included: 0.01 expected threshold, Blosum80 matrix, and existence11 extension1 
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gap cost.  Resulting sequences needed 40% coverage of the protein, and at least 30% identity. 
Duplicate sequences were removed using BioExtract, xmknr program, resulting in the 
identification of 150 sequences.  A multiple sequence alignment was generated using 
Muscle(69) within Molecular Evolutionary Genetics Analysis 5 (MEGA5)(70).  An unrooted 
phylogenetic tree was generated using Neighbor Joining statistical method, gaps were 
subjected to a pairwise deletion, amino acid Jones-Taylor Thornton (JTT) model, and a 
bootstrap test of 1000 replicates were performed.  
Transmembrane domains were predicted using HMMTOP(71, 72) 
DNA Sequences 
Candidate genes were codon optimized for expression in Arabidopsis, and were 
chemically synthesized and cloned into pMA-RQ vectors by GeneScript. Genes were cloned into 
pEarleyGate100(73) via Invitrogen Gateway LR Clonase II kit. 
Plant Material and Growth Condition 
 
Arabidopsis (Arabidopsis thaliana Col-0) was used in all experiments. The T-DNA 
insertion heterozygous line (SALK_034318 (cer3-8)) was obtained from the Arabidopsis 
Biological Resource Center (www.arabidopsis.org).  Since WAX2 is another name for CER3, we 
will refer to the cer3-8 mutant as cer3-8.  All plants were grown in LC-1 sunshine soil with 
constant light of 2500 Lux, temperature of ~23°C, and relative humidity of 32.5%.  Transgenic 
plants in the cer3-8 mutant background were moved into humidity chambers (relative humidity 
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~64%), for seed development. Light intensity, temperature and relative humidity were 
measured using an Onset Hobo monitor U12-012 (http://www.onsetcomp.com). 
 
Transformation of Arabidopsis 
 
ZmGlossy1-like sequences were cloned into pEarleyGate100 vector(73) via Invitrogen 
Gateway LR Clonase II kit, and transformed into Agrobacterium tumefaciens strain C58C1 by 
electroporation.  The resulting strains were used to transform cer3-8  heterozygous line by a 
floral dip method (74). Wild type and knockout lines were segregated from the resulting 
transgenic lines.  
 
Chemical Analysis of Stem Extracellular Surface Lipids 
The primary bolting stems were collect when they were at a height of ~19cm + 2cm, 
methyl nonadecanoate (1.5 µg) (Sigma-Aldrich) was spiked on the tissue as an internal 
standard, and the cuticular lipids were extracted by submerging the tissue in 10ml of 
chloroform for 1 minute. Following extraction, the tissue was frozen with liquid nitrogen and 
lyophilized, and the dry weight of the tissue was determined. The chloroform-soluble cuticular 
lipid extracts were dried under a stream of N2 gas.  Samples were derivatized at 65°C for 20 
minutes using BSTFA (N,O-Bis(trimethylsilyl)trifluoroacetamide; Sigma-Aldrich). Excess BSTFA 
was removed by drying under a stream of nitrogen gas and sample was dissolved in chloroform 
for gas chromatography-mass spectrometry (GC-MS) analysis.  
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Agilent Technologies Model 7890A Gas Chromatograph equipped with a Agilent HP-
5MSI column and coupled to a Model 5975C mass spectrum detector was used for analyses. 
The oven temperature started at 120°C, and was increased to 260°C at a rate of 10°C/min 
where it remained unchanged for 10 minutes. The temperature was further increased to 320°C 
at 5°C/min and remained unchanged for an additional 4 minutes.  
 
The GC/MS data files were deconvoluted with NIST AMDIS software, and searched 
against an in-house compound library as well as the NIST 14 Mass Spectral Library.  Two peaks, 
showing a mixture of 2 metabolites (C28 aldehyde with C26 fatty acid, and C30 aldehyde with 
C29 primary alcohol) were not able to be deconvolute using AMDIS, therefore they were 
reported as a mixture.  Student’s T-test was done to determine those metabolites that showed 
significant change (P<0.05) in abundance.  
 
Results and Discussion: 
 
Phylogenetic Analysis 
 
A PSI-BLAST query with Glossy1 sequence as the query identified 150 sequences 
including homologs from Arabidopsis, Vitis (grapevine), Medicago (alfafa), Arabidopsis, Oryza 
(rice), and Hordeum (barley).  Only 16 maize sequences were identified, of which only 6 
appeared to be full length sequences. From the phylogenetic tree analysis two distinct clades 
emerged, one clade containing CER1 and 3 unknown maize genes (GRMZ2G066578, 
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GRMZ2G075255, and GRMZM2G099097), and the second clade containing CER3, Glossy1 and 2 
unknown maize genes (GRMZ2G083526 and GRMZ2G029912) (Figure 1).  Based on their 
relative distance with respect to Glossy1, we have renamed the 5 unknown maize genes as 
Glossy-Like, see Table 1.  Comparing the protein sequences of the 6 maize genes with respect to 
CER3, they all are very close in length (no more than 13 amino acid difference), share high 
sequence similarity (at least 52%), and all have predicted multiple transmembrane domains 
(TMD) in their N-terminus (Table 1).   
 
A multiple sequence alignment reveals there is overall a high level of similarity between 
CER3 and the candidate maize genes, in particularly Glossy1 and ZmGL1-Like1 and ZmGL1-
Like2. The three His-rich motifs also show high level of conservation amongst the Glossy-Like 
genes with respect to CER3 (Figure2).  Each Glossy1-Like gene also possesses 2 conserved 
domains found within CER3; the FA_Hydroxylase domain within the N-terminus (including the 
three his-rich motifs) and a WAX2 domain within the C-terminus.  Based on these similar 
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protein characteristics, all 6 maize genes were experimentally tested for their abilities to 
restore to the wild type state the cer3 function in surface lipid accumulation.  
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Analysis of Stem Extracellular Cuticular Lipids  
In order to determine if any of the candidate maize Glossy1-Like genes are functional 
homolog to CER3, cuticular lipid composition of stems of the different transgenic lines were 
analyzed in detail (Table 2, Figure3, and Supplemental).  The total surface lipid on the stem of 
the cer3-8 mutant is a third of the WT plants.  Expression of ZmGL1, ZmGL1-Like1 and ZmGL1-
Like2, under the transcriptional regulation of the 35S promoter significantly increased the 
accumulation of the total cuticular lipids on the stems as compared to the cer3-8 mutant.  
However, only the expression of ZmGL1-Like1 was able to return cuticular lipid levels back to 
wild type.  The expression of the remaining three ZmGL1-Likes (ZmGL1-Like3, ZmGL1-Like4, and 
ZmGL1-Like5) did not have any effect on total cuticular lipid production as compared with the 
cer3-8 mutant, and therefore they do not complement the cer3 chemotype. 
Expression of ZmGL1 under the control of 35S promoter produced twice as much total 
lipids as compared to the cer3-8 mutant.  Nearly all metabolites show a significant increase with 
respect to the cer3-8 mutant, accumulating 6-fold increase in the C30 fatty acid, over 3-fold 
increase in the C29 alkane, a 12-fold increase in the C31 alkane, and 3-fold increase in C29 
secondary alcohol.   However, the levels of none of these metabolites were returned to wild 
type levels; transgenic expression of ZmGL1 resulted only in the production of two thirds of the 
total cuticular lipids as compared to WT.  Therefore, we conclude that ZmGL1 only partially 
complements for CER3 function (Fig3A).   
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 The transgenic expression of ZmGL1-Like1 significantly increases the accumulation (2-
fold) of total cuticular lipids on the stem as compared to cer3-8, total cuticular lipids levels 
returned to to WT levels.  Therefore ZmGL1-Like1 is able to rescue the cer3 chemotype, which 
is evident as all the major lipid metabolites (Fig3B), except for a slight increase in C30 primary 
alcohol, are returned to WT levels.  Expression of ZmGL1-Like2 accumulates more cuticular 
lipids with respect to cer3-8, however this increase in cuticular lipid levels is primarily 
associated with increase in primary alcohols, especially the C30 alcohol, and not associated with 
an increase in the major cuticular lipid metabolites (alkanes, ketones and secondary alcohols) 
(Fig3C). 
All of the Glossy1-Like proteins, as well as CER1 and CER3, contain a fatty acid 
hydroxylase superfamily domain, spanning the region that contains the three His-rich motifs. 
Studies done on other members of this family have shown that the conserved histidines are 
required for catalytic function by acting as ligands for iron atom(s) that are believed to be 
contained in the enzyme(36). However, CER3 does not maintain the final histidine residue at 
position 152, which is found in CER1, ZmGL1-Like3, ZmGL1-Like4 and ZmGL1-Like5 proteins.  
Rather CER3 possesses another charge residue, arginine, which is conserved in ZmGlossy1-Like1 
and ZmGL1-Like2, and this is not conserved in the Glossy1 protein. The importance of these 
amino acid changes is not known, but since this is a clear difference from CER1, it could be 
distinctly required for CER3 specific functionality.  Interestingly, Glossy1 contains a glycine 
residue at the corresponding position; this small uncharged residue could prevent proper 
coordination with the iron atom(s), thereby effecting catalytic competence. In the future to 
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confirm these suppositions, mutating G148H or G148R in these proteins, would enable to 
address this possibility.   
Based on chemotype, the cer1 and cer3 mutations in Arabidopsis primarily reduce the 
accumulation of products of the hydrocarbon pathway.  However, in maize the glossy1 
mutation reduces the accumulation of the products of the reductive pathway (32, 49, 50), 
possibly suggesting that these genes have different roles in surface lipid biosynthesis in the two 
species.  This different role could also elude to the different changes associated with the 
conserved His-rich motif, which may explain why GL1 only partially complements the cer3 
mutation. 
Based on the cuticular lipid profiles, the ZmGL1-Like1 gene is a functional homolog to 
CER3, but ZmGL1-Like2 appears to only partially complement this mutation.  The explanation 
for this difference is unclear, as the two maize proteins share 77% amino acid identity and they 
both possess the same substitutions at the conserved residues in the three his rich motifs 
(arginine instead of histidine in motif I, and lysine instead of histidine in motif III).  If these 
motifs are of significance in the functionality of these proteins, either in catalysis and/or in iron 
binding, one would expect that these two proteins would show similar behavior in 
complementing the cer3 mutation.  The fact that this is not observed would indicate these His-
motifs may not be fully required for the cer3 complementation. 
Pleiotropic effects of the cer3 mutant have been reported, and this includes reduce 
fertility (particularly at low humidity) and fusion between aerial organs(31). Because ZmGL1-
Like2 is most highly expressed in reproductive tissue of maize (tassels)(76), this could help 
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explain why Arabidopsis stem surface lipids were not affected.  Therefore we may need focus 
on the flowers from of cer3-8-transgenics that are expressing ZmGL1-Like2, to determine if it 
can reverse some of the pleiotropic effects resulting from the cer3 mutant.  Our lab has been 
working on using mass spectrometry to image metabolites in specific tissue; this could help us 
determine if ZmGL1-Like2 is involved in the reproductive tissue.  
The finding that ZmGL1-Like3, ZmGL1-Like4, or ZmGL1-Like5 were not able to restore 
surface lipids in the cer3 mutant was not surprising.  We have shown that ZmGL1-Like4 and 
ZmGL1-Like5 are functional homologs to CER1 and ZmGL1-Like3 partially complements CER1 
and has a novel short chain alkane specificity (Chmielowski, unpublished; Chapter 2 of this 
thesis). 
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Table 2. Cuticular wax composition of inflorescence stems of Arabidopsis WT (Col-0), cer3-8,  cer3-8, cer3-8-p35S::Gl1, cer3-8-
p35S::ZmGL1-Like1, cer3-8-p35S::ZmGL1-Like2, cer3-8-p35S::ZmGL1-Like5, cer3-8-p35S::ZmGL1-Like4, cer3-8-p35S::ZmGL1-Like3, 
WT-p35S::Gl1,  WT-p35S::ZmGL1-Like1, WT-p35S::ZmGL1-Like2, WT-p35S::ZmGL1-Like5, WT-p35S::ZmGL1-Like4 and WT-
p35S::ZmGL1-Like3 lines. 
Mean values of each wax class (nmol/g dry weight ± SE) and mean values (nmol/g dry weight ± SE) total wax amount. The sum 
includes shorter chain length constituents not presented in Figure3 
Plant Acid Aldehyde* 1-Alcohol Alkane 2-Alcohol Ketone Sterols Total 
         
WT 60.5±7.5 179.2±22.9 398.7±31.7 809.5±46 331.7±16.5 573.2±27.6 92.7±11.2 2445.6±163.5 
cer3-8 32.7±7.2 6.3±1.9 368.7±74.7 108.9±30.7 31.1±5.1 120±16.5 69.3±14.2 737±150.3 
cer3-8-p35S::Gl1 88.2±17.7 61.9±29 407.3±49.6 571.6±104.7 132.5±32.9 308.6±62.3 79.8±14.2 1650±310.4 
cer3-8-p35S::ZmGL1-Like1 80.6±20.5 195.9±68.3 457.6±77.1 754.2±124.9 272.7±57.5 551.4±85.7 119.7±14.1 2432±448 
cer3-8-p35S::ZmGL1-Like2 58.4±17.4 8.3±1.2 589.4±41.8 155.6±13.3 39.3±2.5 133±6.6 104.8±10.8 1088.7±93.6 
cer3-8-p35S::ZmGL1-Like5 27.2±2.4 7.3±0.7 329.123 100.4±6.6 37.7±2 129.9±5.7 114.3±7.5 764±48 
cer3-8-p35S::ZmGL1-Like4 35±3.9 11.1±2.9 364.5±25.6 111.7±7 42.7±1.7 150.1±4.5 108.2±10.7 823±56 
cer3-8p35S::ZmGL1-Like3 32±24.3 27.6±16.2 432.3±59.6 205.6±75.5 69.5±30.5 181.8±51.2 82.4±17.8 1031.3±275 
         
WT-p35S:Gl1 136.7±18.2 261.3±36.5 475.8±83 936.2±72 330±16.2 553.8±31 138.9±11 2832.8±267.8 
WT-p35S::ZmCER3-Like1 103.9±27.7 236.2±44 462±56.6 908.3±74.5 360±16.5 598±31.7 117.6±13.3 2786±264.2 
WT-p35S::ZmCER3-Like2 92.8±14.7 211.8±42 637.8±81.2 882.4±75 279±29.5 408.8±39.3 145±9.7 2730±291 
WT-p35S::ZmCER1-Like1 75±9 181.5±20.3 438.2±39 800.7±66.3 320±23 515.9±42.2 86.2±8.8 2417.5±209.6 
WT-p35S::ZmCER1-Like2 72±13 188.4±24.4 453.7±46 711±46.3 266.3±22.6 488.2±20.4 113±11.2 2293±184 
WT-p35S::ZmCER1-Like3 59±6 171.5±18 410±30 858.4±70.3 273.4±26.6 528.8±14.5 113.3±10.8 2414±176.5 
         
Aldehyde* is the sum of C24, C26, C28 mix with 30 fatty acid, and C30 mixed with 29 1-OH.  The mix metabolites were a result of 
eluting off the GC-MS as one peak which could not get deconvoluted by AMDIS. 1-Alcohol and 2-alcohol, primary and secondary 
alcohol, respectively.
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Supplemental 
Sup1: Cuticular wax composition of inflorescence stems of Arabidopsis WT (Col-0), cer3-8, cer3-8-p35S::Gl1, cer3-8-p35S::ZmGL1-
Like1, cer3-8-p35S::ZmGL1-Like2, cer3-8-p35S::ZmGL1-Like5, cer3-8-p35S::ZmGL1-Like4, cer3-8-p35S::ZmGL1-Like3, WT-p35S::Gl1,  
WT-p35S::ZmGL1-Like1, WT-p35S::ZmGL1-Like2, WT-p35S::ZmGL1-Like5, WT-p35S::ZmGL1-Like4 and WT-p35S::ZmCER1-Like3 lines. 
Mean values of each wax class (nmol/g dry weight ± SE) and mean values (nmol/g dry weight ± SE) total wax amount. 
Metabolite WT cer3-8 cer3-8-
p35S::GL1 
cer3-8-
p35S::GL1-
Like1 
cer3-8-
p35S::GL1-
Like2 
cer3-8-
p35S::GL1-
Like5 
cer3-8-
p35S::GL1-
Like4 
cer3-8-
p35S::GL1-
Like3 
 n=7 n=7 n=6 n=6 n=7 n=12 n=8 n=9 
Fatty Acid         
C14 2±0.2 1.6±0.2 4.9±0.9 1.8±0.1 3±0.5 1.8±0.1 2.1±0.2 1.5±0.7 
C15 2.1±0.1 1.3±0.2 4.5±0.7 3.6±0.4 3.5±0.4 1.8±0.2 1.5±0.1 1.6±1.8 
C16 7.5±0.4 12.6±2.1 11.2±1.3 8.9±0.5 15.7±2.4 8.4±0.4 11.4±0.7 8±4 
C18 5.7±0.5 9.1±2.2 10.2±1.3 5.4±0.5 12.6±2.2 6±0.4 10.3±0.6 5.7±3.7 
C20 0.7±0.03 1±0.1 0.6±0.1 0.8±0.1 1±0.2 1±0.1 1.2±0.1 0.8±0.5 
C22 0.4±0.03 0.4±0.1 0.3±0.04 0.5±0.1 0.2±0.1 0.4±0.04 0.4±0.1 0.3±0.3 
C24 4.5±0.3 0.8±0.2 1.5±0.4 2.7±0.7 0.9±0.1 1±0.1 0.9±0.1 1.3±1 
C28 10.1±1.4 0.3±0.3 12.5±3.9 25.4±10.4 1±0.6 0.3±0.1 0.4±0.1 1.5±2.6 
C29 3.5±0.6 0.5±0.3 0.5±0.5 1.7±0.7 0.8±0.3 1.8±0.2 1.5±0.4 1±0.7 
C30 22±2.7 3.8±1.1 28.5±4.9 28.3±6.1 17.1±9.3 3.9±0.5 5.2±1.2 8.2±6 
C32 0.3±0.3 0.9±0.3 10.2±2.1 1.1±0.7 2.4±1.4 0.6±0.2 0.1±0.1 1.5±2.1 
C34 1.8±0.9 0.6±0.2 3.1±1.5 0.3±0.2 0.1±0.03 0.1±0.05 0.1±0.03 0.7±1 
Total Fatty Acid 60.5±7.5 32.7±7.2 88.2±17.7 80.6±20.5 58.4±17.4 27.2±2.4 35±3.9 32±24.3 
         
1-Alcohol         
C16 0.1±0.01 0.1±0.03 0.1±0.02 0.1±0.01 0.3±0.3 0.04±0.003 0.03±0.01 0.04±0.03 
C18 0.5±0.03 1.3±0.4 1±0.1 0.9±0.4 1±0.2 0.6±0.1 0.6±0.1 0.8±0.2 
C21 0.4±0.04 0.02±0.005 0.04±0.01 0.2±0.1 0.04±0.01 0.03±0.004 0.1±0.01 0.1±0.1 
C22 0.9±0.1 2.7±0.5 1.8±0.4 1.4±0.3 3.6±0.9 3.2±0.2 4.3±0.5 4.0±2.5 
C23 0.3±0.05 0.04±0.01 0.1±0.02 0.2±0.1 0.03±0.01 0.1±0.1 0.1±0.02 0.1±0.1 
C24 6.5±0.7 0.4±0.1 2.1±0.7 3.9±1.2 1.2±0.2 1±0.1 1.1±0.1 1.2±1 
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C26 104.4±9.4 28.9±4.6 70.3±9.6 92.8±14.9 52.6±5.4 38.8±1.5 37.3±2.6 42.5±22.2 
C27 1.9±0.2 0.2±0.1 1.2±0.4 3.1±0.8 0.2±0.04 0.4±0.1 0.4±0.1 0.9±0.6 
C28 213. 1±15.4 79.3±12.7 137.1±13.7 195.4±26.7 122.9±9 76.5±4.6 79.8±5.8 108.8±49.6 
C30 70.1±5.5 255.4±56.1 192.9±24.2 159.1±32.5 407.3±25.6 208.4±16.5 240.7±16.4 273.5±102.3 
C32 0.6±0.2 0.3±0.1 0.7±0.4 0.4±0.2 0.2±0.1 0.2±0.04 0.1±0.04 0.4±0.4 
Total 1-Alcohol 398.7±31.7 368.7±74.7 407.3±49.6 457.6±77.1 589.4±41.8 329.1±23 364.5±25.6 432.3±178.9 
         
Alkane         
C23 0.2±0.1 0.4±0.3 0.2±0.1 0.2±0.1 0.2±0.1 0.1±0.02 0.1±0.02 0.1±0.1 
C24 0.4±0.2 0.5±0.1 0.5±0.2 0.6±0.1 0.7±0.2 0.4±0.04 0.4±0.1 0.5±0.1 
C25 1.5±0.2 1.3±1.2 1.8±0.7 1.5±0.9 0.03±0.01 0.04±0.03 0.1±0.1 3.9±1.5 
C27 21±1.2 3.3±2.5 15.7±4.7 35.3±9.4 1.4±0.5 2.5±0.5 1.5±0.3 4.7±1.8 
C28 4.7±0.3 2.8±2.2 2.5±0.8 6±1.5 1.5±0.4 0.6±0.2 0.8±0.2 1.5±0.4 
C29 654±31.3 87.4±18.6 404.1±83.7 616.5±100.5 140.9±8.3 87.1±4.7 96.3±4.9 164.3±54.9 
C30 6.6±0.4 4±1.8 6.8±1 8.9±1.1 4.9±1.6 1.7±0.3 2.5±0.6 3.1±0.7 
C31 85.7±7.2 8.6±3.3 118.7±9.4 77±8.4 5.9±2.2 7.9±0.9 10±0.8 22.2±10.7 
C33 35.6±5.3 0.7±0.7 21.4±4 8±2.9 0.03±0.01 0.01±0.001 0.01±0.002 5.3±1.8 
Total Alkane 809.5±46 108.9±30.7 571.6±104.7 754.2±124.9 155.6±13.3 100.4±6.6 111.7±7 205.6±75.5 
         
2-Alcohol         
C27 2.5±0.3 0.1±0.02 0.4±0.2 2.2±0.9 0.03±0.01 0.2±0.05 0.2±0.04 0.5±0.7 
C28 0.8±0.1 0.02±0.004 0.1±0.05 0.6±0.3 0.03±0.01 0.02±0.005 0.03±0.01 0.2±0.5 
C29 326.7±15.8 30.9±5.1 131.6±32.6 267.5±55.6 39.1±2.5 37.3±1.9 41.9±1.5 68.4±89.9 
C30 1.7±0.2 0.1±0.05 0.3±0.1 2.3±0.8 0.1±0.02 0.2±0.1 0.6±0.1 0.6±0.6 
Total 2-Alcohol 331.7±16.5 31.1±5.1 132.5±32.9 272.7±57.5 39.3±2.5 37.7±2 42.7±1.7 69.5±91.6 
         
Ketone         
C27 0.04±0.01 0.02±0.004 0.02±0.01 0.1±0.1 0.03±0.01 0.01±0.001 0.01±0.002 0.02±0.01 
C28 0.5±0.1 0.03±0.01 0.1±0.03 0.6±0.2 0.03±0.01 0.1±0.01 0.1±0.03 0.2±0.1 
C29 572.6±27.5 118±16 302±60.5 549.2±84.2 131.5±6.4 127.3±5.5 146.8±4.1 180.4±50.6 
C30 0.1±0.1 1.9±0.5 6.6±1.7 1.4±1.2 1.5±0.2 2.5±0.3 3.2±0.4 1.3±0.4 
Total Ketone 573.2±27.6 120±16.5 308.6±62.3 551.4±85.7 133±6.6 129.9±5.7 150.1±4.5 181.8±51.2 
         
Aldehyde*         
Sup1 (Continued) 
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C24 1.0±0.1 0.02±0.004 0.3±0.1 0.7±0.3 0.03±0.01 0.1±0.02 0.1±0.03 0.1±0.1 
C26 8.3±1.2 0.1±0.1 2.6±1.2 8.2±3.2 0.2±0.1 0.8±0.2 1.5±0.3 1.3±0.5 
C28,mixed C26Fa 31.8±4.6 0.8±0.3 18.2±10.1 52.8±22.5 1.3±0.4 1.3±0.1 1.6±0.4 6.3±4.8 
C30, mixed 29 1-OH 138.1±7 5.3±1.5 40.7±17.7 134.3±42.3 6.7±0.7 5.2±0.4 7.9±2.1 19.8±10.8 
Total Aldehyde* 179.2±22.9 6.3±1.9 61.9±29 195.9±68.3 8.3±1.2 7.3±0.7 11.1±2.9 27.6±16.2 
         
Sterols         
Cholesterol 3.9±0.3 5±0.9 1.9±0.3 5±0.7 3.6±0.5 7.4±0.4 4.5±0.7 3.7±2.4 
β-Amyrin 38±3.9 21±3.7 28.6±4.1 43±5.2 38.3±1.2 36.7±2.4 40.6±2.7 29.3±8.8 
Lup-20(29)-en-28-al 7.5±1.1 4.8±1 12.2±2.9 11.3±1.6 7.2±0.9 9.3±0.7 10.3±0.6 6.8±3.5 
Lupeol 41.9±5.8 34.1±7.9 35.2±6.5 57±5.7 49±5.3 57.1±3.7 49.5±6 39.8±1.2 
Β-Sitosterol 1.4±0.2 4.3±0.7 1.9±0.5 3.4±1 6.6±2.8 3.8±0.2 3.4±0.6 2.8±1.9 
Total Sterol 92.7±11.2 69.3±14.2 79.8±14.2 119.7±14.1 104.8±10.8 114.3±7.5 108.2±10.7 82.4±17.8 
Total Surface Lipid 2445.6±136.5 736.9±150.3 1649.9±310.4 2432±448 1088.7±93.6 746±48 823.2±56.2 1031.3±455.5 
 
 
Metabolite WT cer3-8 WT-
p35S::GL1 
WT-
p35S::GL1-
Like1 
WT-
p35S::GL1-
Like2 
WT-
p35S::GL1-
Like5 
WT-
p35S::GL1-
Like4 
WT-
p35S::GL1-
Like3 
 n=7 n=7 n=7 n=7 n=9 n=12 n=9 n=10 
Fatty Acid         
C14 2±0.2 1.6±0.2 4.1±0.8 1.7±0.2 4.2±0.9 1.6±0.1 1.8±0.2 2.1±0.3 
C15 2.1±0.1 1.3±0.2 4.5±0.9 2.5±0.4 5.6±1.1 2.2±0.4 1.3±0.3 1.7±0.3 
C16 7.5±0.4 12.6±2.1 8.3±0.7 6.3±0.6 7.3±0.5 6.4±0.4 5.5±0.3 6.5±0.4 
C18 5.7±0.5 9.1±2.2 7.4±0.9 5±0.8 6.1±0.5 4.9±0.4 3.9±0.2 5.3±0.5 
C20 0.7±0.03 1±0.1 0.9±0.05 0.8±0.1 0.8±0.1 0.6±0.04 0.7±0.04 0.6±.0.1 
C22 0.4±0.03 0.4±0.1 0.7±0.1 0.6±0.1 0.5±0.05 0.4±0.03 0.5±0.03 0.4±0.04 
C24 4.5±0.3 0.8±0.2 7.1±0.7 6.4±1.9 5.7±1 4±0.4 4.8±0.6 4.7±0.4 
C28 10.1±1.4 0.3±0.3 38.5±9.1 32.1±12.7 13±2.5 8.9±0.6 8.4±1.4 10.9±1 
C29 3.5±0.6 0.5±0.3 4.9±0.6 4.6±1.3 3.4±0.8 4.4±1 3.3±0.3 3.6±0.6 
C30 22±2.7 3.8±1.1 50.6±2 41.2±8.1 39.5±5.9 35±3.8 37.1±7.7 22±1.9 
C32 0.3±0.3 0.9±0.3 6.9±1 2±0.8 3.4±0.6 3±0.9 1.5±0.8 0.2±0.1 
C34 1.8±0.9 0.6±0.2 2.8±1.4 0.9±0.5 3.3±0.8 3.6±0.7 3.1±1.3 0.9±0.3 
Sup1 (Continued) 
Sup1 (Continued) 
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Total Fatty Acids 60.5±7.5 32.7±7.2 136.7±18.2 103.9±27.7 92.8±14.7 74.9±9 72±13 58.9±5.9 
         
1-Alcohol         
C16 0.1±0.01 0.1±0.03 0.1±0.02 0.1±0.01 0.1±0.01 0.03±0.003 0.04±0.01 0.04±0.01 
C18 0.5±0.03 1.3±0.4 0.6±0.1 0.5±0.1 0.5±0.04 0.4±0.05 0.7±0.3 0.3±0.03 
C21 0.4±0.04 0.02±0.005 0.5±0.1 0.4±0.1 0.3±0.1 0.4±0.05 0.6±0.1 0.5±0.05 
C22 0.9±0.1 2.7±0.5 3.1±0.4 3±1 3.1±0.4 1.6±0.3 3.1±0.7 1.9±0.2 
C23 0.3±0.05 0.04±0.01 0.4±0.1 0.5±0.1 0.4±0.1 0.5±0.05 0.7±0.1 1.1±0.2 
C24 6.5±0.7 0.4±0.1 10.4±1.9 7.8±2 10.2±1.6 5.4±0.6 7.7±1.2 7.8±0.7 
C26 104.4±9.4 28.9±4.6 137.8±22.1 123.6±18.2 162.7±18.2 112.2±11 120.7±14.3 106.7±8.8 
C27 1.9±0.2 0.2±0.1 3.1±0.3 3.8±1.2 2.3±0.3 3.3±0.7 2.6±0.6 2.5±0.3 
C28 213. 1±15.4 79.3±12.7 233.1±34 244.5±21.6 281.2±28.3 231.8±19.3 227.1±20.9 213.9±14.3 
C30 70.1±5.5 255.4±56.1 85.9±24.1 77.6±12.2 176±32.1 81.7±6.7 90.1±7.8 74.7±5.4 
C32 0.6±0.2 0.3±0.1 0.8±0.2 0.5±0.2 0.9±0.2 0.9±0.1 0.4±0.1 0.4±0.1 
Total 1-Alcohol 398.7±31.7 368.7±74.7 475.8±83 462.1±56.6 637.8±81.2 438.2±38.9 453.7±46.1 410±30.2 
         
Alkane         
C23 0.2±0.1 0.4±0.3 0.5±0.2 0.2±0.1 0.2±0.05 0.2±0.03 0.2±0.1 15.4±4.8 
C24 0.4±0.2 0.5±0.1 0.5±0.1 0.5±0.1 0.6±0.1 0.3±0.03 0.3±0.04 0.6±0.1 
C25 1.5±0.2 1.3±1.2 6.1±1.7 4.4±1 1.8±0.4 3.4±0.9 2±0.4 57.8±14.9 
C27 21±1.2 3.3±2.5 46.6±7.8 46.6±10.4 22.7±3.2 45.1±11.5 23.2±4.9 45.8±5.7 
C28 4.7±0.3 2.8±2.2 9.3±1.3 8.7±1.3 5.2±0.7 6.6±0.9 5.4±0.7 7.5±0.4 
C29 654±31.3 87.4±18.6 738.4±39.9 727.5±36.5 692.7±58.5 606.7±45.8 548.8±31.2 613.1±37.3 
C30 6.6±0.4 4±1.8 9.8±0.7 8.8±0.8 9.1±0.7 7.8±0.5 8.5±0.3 8.7±0.3 
C31 85.7±7.2 8.6±3.3 105±11.1 80.9±14.4 118.6±7.9 99.9±4.1 93.2±6.2 81.6±39 
C33 35.6±5.3 0.7±0.7 20±9.1 30.8±9.8 31.5±3.5 30.8±2.5 29.4±2.5 28±2.8 
Total Alkane 809.5±46 108.9±30.7 936.2±71.9 908.3±74.5 882.4±75.1 800.7±66.3 711±46.3 858.4±70.3 
         
Ketone         
C27 2.5±0.3 0.1±0.02 0.1±0.02 0.1±0.04 0.1±0.03 0.03±0.02 0.04±0.01 0.1±0.04 
C28 0.8±0.1 0.02±0.004 0.8±0.2 0.7±0.2 0.2±0.1 1±0.2 0.7±0.1 0.9±0.1 
C29 326.7±15.8 30.9±5.1 550.7±28.6 589.3±27.7 477.3±37.2 514.7±43 487.5±20.3 527.6±14.3 
C30 1.7±0.2 0.1±0.05 2.2±2.1 8±3.8 3.2±1.9 0.2±0.1 0.1±0.04 0.1±0.1 
Total Ketone 331.7±16.5 31.1±5.1 553.8±30.9 598.1±31.7 480.8±39.3 515.9±43.2 488.2±20.4 528.8±14.5 
Sup1 (Continued) 
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2-Alcohol         
C27 0.04±0.01 0.02±0.004 0.1±0.02 3.6±0.9 2±0.5 5.3±1.4 2.8±0.7 5.3±0.6 
C28 0.5±0.1 0.03±0.01 0.02±0.004 1.2±0.2 0.6±0.1 1.4±0.2 0.9±0.2 1.5±0.1 
C29 572.6±27.5 118±16 30.9±5.1 353.6±15.2 275.6±28.7 311.2±21.4 260.4±21.4 264.2±25.5 
C30 0.1±0.1 1.9±0.5 0.1±0.05 1.7±0.2 1.5±0.3 2.2±0.2 2.1±0.4 2.4±0.4 
Total 2-Alcohol 573.2±27.6 120±16.5 31.1±5.1 360±16.5 279.7±29.5 320±23.2 266.3±22.6 273.4±26.6 
         
Aldehyde*         
C24 1.0±0.1 0.02±0.004 2.1±0.2 1.4±0.3 1.5±0.3 0.8±0.1 1.5±0.3 1.5±0.2 
C26 8.3±1.2 0.1±0.1 18.3±2 12.8±3.9 13±2.4 6.5±0.8 10.8±1.9 9.8±1 
C28,mixed C26Fa 31.8±4.6 0.8±0.3 78.1±10.2 71.6±20.1 46.1±10.1 31.2±2.5 38.9±5.8 37.9±3.1 
C30, mixed 29 1-OH 138.1±7 5.3±1.5 162.8±24 150.4±19.6 151.2±29.3 143±17 137.3±16.3 122.2±13.8 
Total Aldehyde* 179.2±22.9 6.3±1.9 261.3±36.5 236.2±44 211.8±42.1 181.5±20.3 188.4±24.4 171.5±18.1 
         
         
Sterols         
Cholesterol 3.9±0.3 5±0.9 4.8±0.5 4.2±0.5 3.1±0.3 3.1±0.4 4.4±0.5 2.8±0.4 
β-Amyrin 38±3.9 21±3.7 48±4 39.3±4.9 57.4±3.5 34.4±2.6 41.7±4.1 48.2±3.1 
Lup-20(29)-en-28-al 7.5±1.1 4.8±1 14.3±1.4 14±1 13.2±1 9.6±0.8 11.3±1.2 10.9±0.9 
Lupeol 41.9±5.8 34.1±7.9 67.5±4.6 57.9±6.5 68.3±4.6 37.8±4.8 53±5 49.9±6 
βSitoterol 1.4±0.2 4.3±0.7 4.1±0.6 2.3±0.4 3±0.3 1.3±0.2 2.6±0.4 1.6±0.3 
Total Sterol 92.7±11.2 69.3±14.2 138.9±11.1 117.6±13.3 145±9.7 86.2±8.8 113±11.2 113.3±10.8 
Total Surface Lipid 2445.6±136.5 736.9±150.3 2832.8±267.8 2786.3±264.2 1759±183 2417.5±209.6 2292.7±184 2414±176.5 
Aldehyde* is the sum of C24, C26, C28 mix with 30 fatty acid, and C30 mixed with 29 1-OH.  The mix metabolites were a result of 
eluting off the GC-MS as one peak which could not get deconvoluted by AMDIS. 1-Alcohol and 2-alcohol, primary and secondary 
alcohol, respectively. 
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CHAPTER 4: General Conclusions 
 
This dissertation discusses the complexity of alkane biosynthesis, particularly in plants. 
With advances in molecular genetics and genomic characterizations, Arabidopsis has become 
the main tool for studying plant extracellular lipid production.  It has been well characterized 
that the stem of Arabidopsis, where it is predominantly comprised of C29 alkanes.  These 
alkanes coupled with biochemical derivatives, secondary alcohols and ketones, make up 
approximately 80% of the Arabidoposis’ stem epicuticular lipid load, clearly favoring the alkane 
pathway(42). Two genes have been identified as playing a vital role in this pathway, CER3 and 
CER1 (31, 32, 45). Recently it has been proposed that CER1 and CER3 come together along with 
a cytochromeB5 protein to form an alkane producing complex(45).  Maize seedlings, on the 
other hand, possess a very different cuticular wax morphology, being predominantly comprised 
of primary alcohols (~63%), and only producing approximately 1% alkanes(54).  Based on this it 
appears maize favors the reduction pathway for the synthesis of epicuticular lipids.  Sequence 
characterization of GLOSSY1, establish that it contains over 70% sequence similarity with 
respect to CER3, suggesting they may be homologs.  However, with such distinctive epicuticular 
lipid profiles between Arabidopsis and maize, it is a little baffling as to why these genes that are 
involved in producing distinct lipids share such a high sequence homology.  This raises many 
questions including:  a) is sequence based homology sufficient to propose functionality; and b) 
can one assume that maize possesses a similar epicuticular lipid synthesis mechanism as 
Arabidopsis? To help address such questions, this study focused on identifying other GLOSSY 
like genes, and whether they are involved in supporting maize surface lipid production.   
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 Using a transgenic approach in Arabidopsis, Glossy1 and 5 uncharacterized maize genes, 
which we refer to as Glossy1-Like genes, were investigated for their involvement in surface lipid 
production. Based on sequence homology, GLOSSY1, ZmGL1-Like1 and ZMGL1-Like2 share 
~70% similarity with the Arabidopsis CER3, while ZmGL1-Like3, ZmGL1-Like 4 and ZmGL1-Like 5 
share ~70% sequence similarity with respect to CER1. All six maize sequences share two 
conserved domains with CER1 and CER3, a fatty acid hydroxylase and WAX2-C-terminal 
domain(37).   
One of the most studied types of enzymes that belong to the fatty acid hydroxylase 
family are fatty acyl desaturases. Desaturases introduce a double bond into an acyl chain, 
requiring metal cofactors, a diiron-dioxygen cluster (35).  Integral membrane desaturases are 
characterized by containing three conserved histidine rich motifs.  Extensive characterization of 
the importance of the histidine residues was carried out using the rat acyl-CoA delta 9 
desaturase(36).  Each conserved histidine was individually changed to an alanine residue and 
expressed in a delta 9 desaturase-deficient mutant of Saccharomyces cerevisiae(36).  These 
experiments established that mutations of any of the conserved histidines resulted in the loss 
of desaturase activity, suggesting they may be essential for catalytic activity(36) by providing 
ligands for the iron cofactor.  The second conserved domain is the WAX2 C-terminal domain, 
however little is known about this domain.  According to NCBI’s conserved domain database 
the WAX2 C-terminal domain is functionally uncharacterized, contains a conserve LEGW 
sequence motif, and is believed to be similar to short chain dehydrogenase(37).  
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 Comparing the sequences of the 6 maize GLOSSY1 family of proteins with CER1 and 
CER3 reveals several natural variations that occur within these two conserved domains. Within 
the fatty acid hydroxylase domain that contains the three apparently essential his-rich motifs 
are fully conserved among CER1 and three of the maize ZmGL1-Like proteins (ZmGL1-Like3, 
ZmGL1-Like4, and ZmGL1-Like5).  In contrast, CER3, Glossy1, ZmGL1-Like1, and ZmGL1-Like2 all 
carry some natural sequence variation within at least one of the histidine clusters, so that they 
are not fully conserved. As reported in chapter2, all 5 GLOSSY1-Like genes were able to 
accumulate more epicuticular lipids with respect to cer1 knockout.  However, only the 
transgenic expression of the GL1-Like4 and GL1-Like5 genes are able to rescue the cer1 
chemotype, whereas the other genes in the Glossy1 family only partially complement the cer1 
mutation; none of them return the accumulation of any epicuticular metabolite to wild type 
levels.  ZmGL1-Like3 was able to partially rescue the cer1 mutant chemotype, but interestingly 
it has a novel alkane specificity, producing significantly more C23 and C25 alkane than WT. Our 
results therefore suggest that all three of the histidine-rich motifs need to be conserved in 
order for these proteins to be active in generating the epicuticular alkane components.   
Based on sequence similarity, it was been hypothesized that GL1 is homologous with 
CER3, however this has never been experimentally tested until now. As reported in Chapter 3, 
the transgenic expression of Glossy1 under the control of a 35S promoter in a cer3 mutant 
resulted in a significant increase in epicuticular lipid accumulation. However, this transgenic 
expression is unable to return epicuticular lipid levels back to the wild type level, suggesting 
that the Glossy1 gene only partially complements the CER3 function, even though these two 
proteins share over 70% sequence similarity. ZmGL1-Like1, on the other hand was able to 
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restore epicuticular lipids to wild type levels, therefore we conclude the ZmGL1-Like1 gene is 
the functional homolog of CER3. ZmGL1-Like1 is a slightly more similar protein to CER3 (sharing 
75% sequence similarity and 62% sequence identity) than GLOSSY1 is, which may contribute to 
its ability to completely rescues cer3 rather than only partially rescue like GL1.  
Relative to the His-rich motifs, CER3, ZmGL1-Like1 and Glossy1 do not fully maintain all 
of the conserved histidine residues, which may suggest that the “activity” supported by these 
proteins is not associated with the fatty acid hydroxylase/desaturase his-rich domain.  Although 
we do not have a definitive answer as to which residues are important for the activity 
supported by these proteins, it may also be associated with the WAX2 C-terminal domain.  
Multiple sequence alignments indicate that there is a distinct difference in the WAX2 C-
terminal domains between the CER1 and the CER3 clades. There is a much higher level of 
sequence conservation throughout this domain in the CER3 cluster than the CER1 clade. With 
little known about the functionality of this WAX2 domain, it’s difficult to conjecture how the 
sequence variations that occur between the clades may contribute to functional differences in 
these proteins.  For example, the N-terminal end of the WAX2 domain, there is a small section 
that also shares homology with the short chain dehydrogenase/reductase (SRD) domain(37).  
This family of enzymes catalyze NAD(P)H-dependent redox reactions. SDR family is 
characterized as having a highly conserved catalytic triad of Ser-Tyr-Arg/Lys, where the serine 
residue is upstream of a YXXXK motif(81). Ser463, Try472 and Arg 476 (relative to CER3) are 
conserved among CER3, Glossy1, ZmGL1-Like1, and ZmGL1-Like2, and these are missing from 
CER1, ZmGL1-Like3, ZmGL1-Like4, and ZmGL1-Like5. Whether this SRD-domain is involved in 
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the activity associated with the CER3 clade of proteins is unknown, but could be tested by site-
directed mutagenesis experiments.   Throughout the WAX2 C-terminal domain, there are 
several other distinct residue variations that are highly conserved between the CER1 and CER3 
clades, which may impact the distinct activities of these proteins.   Without extensive 
mutagenesis studies or a structure to show where these residues occur in 3-dimensional space, 
it is one can only speculate as to the importance of these residues.  
Based upon microarray data, CER1 and CER3 also show very high expression in floral 
tissue(76), and both cer1 and cer3 mutants are characterized as being male-sterile at low 
humidity. However, an extensive epicuticular lipid profile of cer1 or cer3 flowers has yet to be 
done before.  We have sampled 4 stages during flower development (A: closed bud, B: petal 
emergence from sepals, C: open flower with petals at ~90°, and D: closing flower with silique 
developing (75)), in order to monitor the changes in these lipids over time.   We are currently in 
the process of analyzing these results.  Glossy1 and our 5 GL1-Like genes also show expression 
in maize’s reproductive tissue (plexdb), therefore we are also interested in lipid profiles of 
flowers from the Arabidopsis transgenic plants that are expressing these maize genes.  
GC/MS lipid profiles of epicuticular lipids extracted from these flowers will provide 
quantitative information on the lipids present during flower maturation, but not where the 
lipids are located within the flower. Reported in Chapter 2, we have used MALDI/MSI to 
determine the spatial distribution of the different lipid components on the flower organ 
surfaces.  We examined stage D flowers, imaging both the abiaxial and adaxial sides of the 
flower to determine how the lipid distribution changes if they are within the flower or exposed 
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to the environment.  Many of the metabolites (including C29 alkane) are present on the cer1 
flower, which seems to be opposite of the stem data. However, Arabidopsis encodes two CER1-
Like genes, CER1-Like1 and CER1-Like2 (AT1G02190 and AT2G37700).  According to microarray 
data, CER1-Like1 show high expression only in the flower tissue (76), therefore metabolites we 
are detecting in the  cer1 flower could be a result of the expression of CER1-Like1. In general, it 
appears that the abiaxial surface accumulates more of the epicuticular lipid metabolites, 
particularly on the sepals.  The sepals encase the developing bud, protecting it from the 
environment; therefore one would expect higher levels of epicuticular lipids on this surface.  
In summary, the research in this dissertation has provided new insights as to how maize 
produces its surface lipids by analyzing 6 genes, 5 of which were previously uncharacterized.  
We identified functional homologs of the Arabidopsis CER1 (ZmGL1-Like4 and ZmGL1-Like5) and 
CER3 (ZmGL1-Like1).  We have identified a specific gene (ZmGL1-Like3) that can produce novel 
short chain (C23 and C25) alkane, which is atypical in plants.  This research has opened the door 
for future characterization of the Glossy1-Like genes. 
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